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ABSTRACT 
The distribution and feeding behavior of bacterivorous micro flagellates 
(2-20 um protozoa) and their ingestion by copepods were examined in an attempt 
to assess the importance of these protozoa as a trophic link between 
planktonic bacteria and zooplankton. The abundance of micro flagellates 
relative to other picop1ankton (0.2-2.0 um) and nanop1ankton (2-20 um) 
populations in water samples in the North Atlantic and in Lake Ontario and on 
macroaggregates in the North Atlantic was determined using direct 
microscopical and culture estimation techniques. Seasonal, vertical and 
geographical changes in the density of microf1age11ates were generally not 
greater than one order of magnitude. Microscopical counts of heterotrophic 
nanop1ankton (presumably microf1age11ates) typically ranged from a few hundred 
-1 
to a few thousand m1 for a variety of planktonic environments. They 
constituted approximately 1/3 to 1/2 of the nanop1ankton in the euphotic zone 
and dominated the nanop1ankton in the aphotic zone. Most Probable Number 
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(MPN) estimation of the density of bacterivorous protozoa indicated that 
microflagellates were, on average, an order of magnitude more abundant than 
bacterivorous ciliates and amoebae. MPN and direct microscopical counts of 
4 
microflagellates differed by as much as 10. This discrepancy was smaller 
in eutrophic environments (e.g. Continental Shelf and Lake Ontario) and on 
macroscopic detrital aggregates. 
All microbial populations enumerated were highly concentrated on 
macroscopic detrital aggregates relative to their abundance in the water 
surrounding the aggregates. Enrichment factors (the ratio of abundance of a 
population on a macroaggregate to its abundance in the surrounding water) 
increased along a eutrophic-to-oligotrophic gradient because of the combined 
effects of an increased abundance of microorganisms on macroaggregates in 
oligotrophic environments and a decreased abundance in the surrounding water 
in these same environments. Average enrichment factors for direct 
microscopical counts of heterotrophic nanoplankton (range = 17-114) were not 
as large as enrichment factors observed for MPN estimates of the number of 
bacterivorous microflagellates (range = 273-18400). Microflagellates 
numerically dominated the bacterivorous protozoa cultured from macroaggregates 
by one to two orders of magnitude, but ciliates and amoebae were also highly 
enriched on macroaggregates. Microenvironments are therefore a potentially 
important aspect for the ecology of planktonic microorganisms. Observations 
on the microbial colonization of mucus sloughed by ctenophores and discarded 
appendicularian houses suggest that these materials may be important sources 
of macroaggregates. 
Batch and continuous culture experiments were conducted with clonal 
cultures of microflagellates to test their ability to grow on various types 
and densities of bacteria. The doubling time of ~ sp. 1 ranged from 43 hr 
(when fed the cyanobacterium Synechococcus Strain HH 8101) to 6.9 hr (when fed 
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the heterotrophic bacterium Serratia marinorubra). Cell Yields (i.e. the 
conversion of bacterial biomass into protozoan biomass) of llonas sp. 1 fed two 
species of heterotrophic bacteria were greater than yields for the 
microf1age11ate fed two species chroococcoid cyanobacteria (range = 7-68%). 
Cell yields of two other species of microf1age11ates (Monas sp. 2 and 
Cryptobia maris) were 48% and 61%, respectively, on the bacterium Pseudomonas 
halodurans. Microf1age11ates grew in continuous culture at concentrations of 
bacteria which were lower than bacterial densities required for the growth of 
ciliates as shown by other investigations. Therefore, microf1age11ates appear 
to be well-adapted for grazing bacterioplankton. 
Microf1age11ates were also investigated for their ability to graze 
bacteria attached to particles. Bodo nanorensis and Rhynchomonas nasuta both 
showed a marked ability to graze attached bacteria and a limited ability to 
graze unattached cells. These results suggest that microflage11ates may also 
be important consumers of bacteria attached to particles in the plankton and 
may explain the highly elevated densities of microf1age11ates on 
macroaggregates. 
Grazing experiments performed with the copepod Acartia tonsa indicated 
that heterotrophic microf1age11ates were ingested by the copepods at rates 
comparable to the ingestion of phytoplankton of similar size. The presence of 
heterotrophic microf1agel1ates did not depress filtration rates of the 
copepods, and one species (Cryptobia maris) appeared to be selectively 
grazed. Survival of !. tonsa on a diet of heterotrophic micro flagellates was 
similar to survival on a diet of phytoplankton and was significantly longer 
than survival of starved Controls or copepods fed only bacteria. 
Due to their ability to grow at in-situ densities of planktonic bacteria, 
their relatively high cell yields, and their acceptability as food for 
zooplankton, it is concluded that bacterivorous microf1age1lates may 
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constitute an important trophic link between bacteria and zooplankton. This 
link may provide a mechanism whereby organic material and energy from the 
detrital food chain can be returned to the classical phytoplankton-
cope pod-fish food chain. 
-xviii-
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The last 10 years has witnessed a reevaluation of the paradigm of how 
plankton communities function. The phytoplankton-copepod-fish food chain is 
no longer a complete or accurate account of trophic interactions or energy 
flow among the plankton. It is now believed that a very significant fraction 
of the energy flow in plankton communities is mediated by picoplankton 
(microorganisms 0.2-2.0 pm in size, primarily bacteria and chroococcoid 
cyanobacteria) and nanoplankton (microorganisms 2.0-20 pm in size, primarily 
phototrophic and heterotrophic eucaryotes). Recent estimates suggest that 
20-80% of the primary productivity in the ocean eventually passes through the 
bacteria (Pomeroy, 1974; Sieburth et a1., 1977; Sorokin et al., 1977; Larsson 
& Hagstrom, 1979; Fuhrman & Azam, 1980; Williams, 1981). In addition, it has 
been noted that phototrophic nanoplankton, and more recently phototrophic 
picoplankton (chroococcoid cyanobacteria and minute eucaryotes), often 
dominate the standing crop of phytoplankton and primary productivity of 
plankton communities (Mccarthy et al., 1974; Johnson & Siehurth, 1982; Li et 
al., 1983; Platt et al., 1983; Takahashi & Hori, 1984). 
Along with a better understanding of the importance of microorganisms in 
plankton communities has come the realization that heterotrophs compose a 
significant fraction (approximately 50%) of the nanoplankton (Davis et al., 
submitted; Haas, 1982; Caron, 1983). This observation is not a new one. 
Large numbers of heterotrophic microflagellates have been documented for 
nearly 50 years (Hentschel,1936). Non-photosynthetic representatives have 
been described from virtually all major phytoplankton taxa, and several 
important groups of flagellated protozoa have been described from the 
plankton. Not until recently, however, has a concerted effort been initiated 
to determine the role which the heterotrophic nanoplankton play in plankton 
communities. Present studies now suggest that these microorganisms are 
important consumers of picoplankton, and may be the primary agent controlling 
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the density of bacteria in plankton communities. In addition, these protozoa 
convert bacterial biomass into their own biomass, thus making it available to 
higher organisms. This activity may be of particular ecological importance 
below the photic zone where the influence of primary producers is reduced 
(Harding, 1974). In this environment they may serve as a vital link between 
bacterial production from dissolved and particulate organic matter, and higher 
organisms (Sieburth, 1979). 
An important role for heterotrophic micro flagellates in the marine food 
web has been proposed despite the existence of only scant amounts of data to 
substantiate the hypothesis. This dissertation is an attempt to add to 
several aspects of our understanding of the role of heterotrophic 
microflagellates in plankton communities. It is composed of five manuscripts 
which deal with separate but related topics on their ecology. The seasonal 
and spatial (geographic and vertical) distribution of heterotrophic 
microflagellates in the North Atlantic and Lake Ontario are described in 
Chapter 1. Its purpose is to document the density of microflagellates in the 
oceanic environment, to determine the contribution of these protozoa relative 
to the standing crop of other nanoplankton and picoplankton populations, and 
to indicate similarities between pico- and nanoplankton of freshwater and 
marine environments. 
The four remaining manuscripts deal with specific aspects of 
microflagellate ecology and are summarized in Figure 1.1. This Figure depicts 
a highly simplified view of the potential trophic relationships of 
heterotrophic microflagellates with other planktonic organisms. Question 
marks indicate the areas of study which are addressed in this dissertation. 
The left hand side of Figure 1.1 indicates the relationship between 
microflagellates and their bacterial prey. The role of microflagellates as 
bacterial grazers is examined in two chapters. Chapter 3 describes grazing 
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Figure I.l. Proposed trophic link occupied by heterotrophic 
microflagellates between bacteria and filter-feeding zooplankton. 
? ? 











rates, growth rates and conversion efficiencies of cultured microflagellates 
feeding on free-living (unattached) bacteria. This study was designed to 
determine the ability of microflagellates to graze planktonic bacteria. 
Chapter 4 describes the ability of cultured microflagellates to graze bacteria 
attached to particles. It discusses the implications of this behavior for the 
colonization of particles by bacteria and as an explanation for the planktonic 
existence of bacterivorous protozoa. 
The right hand side of Figure 1.1 deals with the availability of 
microflagellates as food for zooplankton species. These protozoa may be 
available directly to filter-feeding organisms capable of removing them from 
suspension, or by their association with larger particles. Chapter 2 
documents the abundance of heterotrophic microflagellates (and other nano- and 
picoplankton components) on macroscopic detrital aggregates from surface 
waters of the North Atlantic. This chapter follows the distribution study 
since population densities on macroaggregates are large enough that these 
microcommunities may be important in the overall distribution and ecology of 
these protozoa. Chapter 5 describes experiments which test the ability of the 
calanoid cope pod Acartia tonsa to select between phototrophic flagellates and 
heterotrophic microflagellates when offered mixtures of algae and protozoa. 
In addition, the survival of ~. tonsa fed only protozoa or only algae was 
examined. 
Three appendices also contain manuscripts pertinent to the ecology of 
heterotrophic microflagellates. Appendix III is a manuscript published in 
Applied and Environmental Microbiology (1983; 46: 491-498) which compares 
existing techniques and proposes a new one for counting heterotrophic 
nanoplankton using epifluorescence microscopy. Appendix IV is a manuscript 
published in Science (1982; 218: 795-797) which contains preliminary 
information on the occurrence of microorganisms on macroscopic detrital 
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aggregates. Appendix V is a manuscript in preparation describing the seasonal 
and vertical distribution of chroococcoid cyanobacteria in Lake Ontario and 
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CHAPTER 1 
CONTRIBUTION OF HETEROTROPHIC MICROFLAGELLATES 
TO PICOPLANKTON AND NANOPLANKTON COMlfUNITIES 
IN LAKE ONTARIO AND THE NORTH ATLANTIC 
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ABSTRACT 
Phototrophic and heterotrophic picoplankton and nanoplankton were counted 
at two stations in Lake Ontario and 23 stations in the North Atlantic during 
the winter, spring and summer. Absolute abundances of pico- and nanoplankton 
in Lake Ontario reached greater maxima than those observed in the ocean, but 
the range of densities in both environments strongly overlapped. Seasonal 
changes in the abundance of microorganisms in Lake Ontario mirrored changes in 
the Continental Shelf/Slope environment of the North Atlantic. Phototrophic 
picoplankton (primarily chroococcoid cyanobacteria) was numerically the most 
variable population. The density of these microorganisms changed by three 
orders of magnitude over a seasonal cycle. The density of heterotrophic 
picoplankton (primarily bacteria) varied by approximately one order of 
magnitude while shifts in nanoplankton abundance on a seasonal basis were 
approximately 1.5 orders of magnitude. 
Small-scale spatial variability in the abundance of pico- and nanoplankton 
was as large as seasonal shifts in abundance. For example, changes in the 
abundances of pico- and nanoplankton with depth generally exceeded seasonal 
changes in abundance during periods of thermal stratification. Changes in 
abundance between stations within one hydrographic regime (i.e. Sargasso Sea, 
Gulf Stream, Continental Shelf/Slope, Lake Ontario) during one season were 
also of the same magnitude as seasonal changes in that environment. 
Heterotrophic nanoplankton contributed significantly to both freshwater 
and oceanic environments at all stations and in all seasons. Most Probable 
Number estimation of the density of bacterivorous protozoa indicated 
increasing density of these microorganisms along an offshore-to-inshore 
gradient for the marine samples. Average MPN estimates of Lake Ontario 
exceeded those of the oceanic environment. Despite differences in the 
absolute abundance of pico- and nanoplankton, relative abundances of these 
-11-
populations were similar for freshwater and marine samples. This observation 
may indicate similar trophic relationships between these microorganisms for 
both environments. This study indicates a high degree of similarity between 




The importance of picoplankton (0.2-2.0 pm in size) and nanoplankton 
(2.0-20 pm in size) in marine and freshwater communities has been firmly 
established in recent years. Both of these operationally-defined plankton 
classes (Sieburth et al., 1978) contain autotrophic and heterotrophic 
populations which play a large role in nutrient and energy cycling in the 
environment. It has been demonstrated that most of the total community 
respiration (Pomeroy & Johannes, 1968; Williams, 1981a) and nutrient 
regeneration (Harrison, 1978; Glibert, 1982; Paasche & Kristiansen, 1982) in 
the marine environment may take place in this size fraction. 
The presence of large standing stocks of heterotrophic nanoplankton 
(Hnano) in the ocean has been documented for nearly 50 years (Hentschel, 
1936). Nevertheless, not until recently have studies been undertaken to 
determine the distribution of these microorganisms. The heterotrophic 
nanoplankton are largely composed of microflagellates which feed 
phagotrophically on picoplankton or other nanoplankton (Chapter 3; Haas & 
Webb, 1979; Davis, 1982; Fenchel, 1982a; Haas, 1982; Sherr et al., 1983). 
Traditional sampling and counting techniques have tended to minimize the 
importance of these microorganisms in plankton communities, or have omitted 
counts of them altogether. The inadequacy of classical counting techniques 
for the enumeration of heterotrophic nanoplankton has been discussed by Caron 
(1983; see Appendix III). 
A substantial literature has appeared in the last few years concerning the 
distribution of Hnano in marine systems. This literature indicates relatively 
large standing stocks of Hnano in the ocean (Vinogradov et al., 1976; 
Tumantseva & Sorokin, 1977; Sorokin & Kogelschatz, 1979; Silver et al., 1980; 
Sorokin, 1981; Tumantseva, 1981, Davis & Sieburth, 1982; Caron 1983; Sherr & 
Sherr, 1983; Davis et al., submitted). A similar situation appears to exist 
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in freshwater environments although very few data are available (Appendix V; 
Hilliard, 1971). Heterotrophic nanoplankton may constitute one half of the 
total nanoplankton population (Davis & Sieburth, 1982; Caron, 1983; Sherr & 
Sherr, 1983). Their densities have been shown to be correlated with dissolved 
carbohydrate concentrations, as well as the density of heterotrophic 
picoplankton and phototrophic nanoplankton (Burney et al., 1981; Davis, 1982; 
Linleyet al., 1983; Sherr et al., 1984). Their abundance and activity as 
bacterial grazers has prompted several investigators to incorporate the Hnano 
into models describing energy flow in plankton communities (Sorokin, 1981; 
Williams, 1981b; Azam et al., 1983; Laacke et al., 1983). 
IVhile a number of investigations have now documented the ubiquity of Hnano 
in the pelagic environment, few studies have a~tempted to compare changes in 
their abundance with changes in the abundance of other pico- and nanoplankton 
components (Burney et al., 1981; Fenchel, 1982d; Linley et al., 1983; Davis et 
al., submitted). Only one study has enumerated the full spectrum of pica- and 
nanoplankton and the correlation of these populations with Hnano (Davis et 
al., submitted). This "piece meal" approach has occurred in spite of the 
obvious trophic relationships between Hnano and other components of the pico-
and nanoplankton, and the existence of well-established procedures for 
counting these populations. 
The picoplankton consists of phototrophic and heterotrophic microorganisms 
(primarily procaryotes) which are believed to be the main food source for 
heterotrophic microflagellates. Heterotrophic picoplankton (Hpico) consists 
primarily of heterotrophic bacteria (and perhaps chemolithotrophic bacteria). 
Large standing stocks of Hpico in marine and freshwater communities have been 
realized primarily through the use of epifluorescence microscopy (Watson et 
al., 1977; Porter & Feig, 1980). This technique has also been useful for 
identifying and enumerating phototrophic picoplankton (Ppico) which is 
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composed primarily of chroococcoid cyanobacteria (Johnson & Sieburth, 1979; 
Waterbury et a1, 1979) and minute eucaryotes (Johnson & Sieburth, 1982; 
Takahashi & Hori, 1984). This community constitutes an important part of the 
primary production of oceanic waters (Li et a1, 1983; Platt et a1., 1983), and 
may also be important in freshwater plankton communities (Caron et a1, ; 
Appendix V). 
The importance of phototrophic nanop1ankton (Pnano), primarily 
microf1age11ates and small diatoms, was underestimated for many years. 
Numerous studies have now shown that these microorganisms dominate the 
phytoplankton of a wide range of marine and freshwater environments (Munawar 
et a1, 1974; Beers et a1., 1975; Munawar & Munawar, 1975; Brockel, 1981; Beers 
et a1., 1982; Booth et a1., 1982). Only recently have attempts been made to 
determine the relative importance of Ppico and Pnano as primary producers, 
however, and thus the contribution of Pnano to the total system primary 
productivity is once again unclear. 
Few data are available concerning the distributon of phototrophic and 
heterotrophic pico- and nanop1ankton in the ocean. However, even less is 
known concerning the distribution of these popUlations in freshwater. There 
is no ~ priori reason to assume that these systems function differently, but 
no detailed comparisons of these environments have been performed. Comparison 
of freshwater and oceanic communities should provide information on the 
abundance of heterotrophic microf1age11ates relative to other pico- and 
nanop1ankton, and thus indicate whether or not microf1age11ates might be as 
important in freshwater environments as has been proposed for marine systems. 
Picop1ankton and nanop1ankton were examined in Lake Ontario and the North 
Atlantic over a two year period. Population counts of Hpico, Ppico, Hnano and 
Pnano were made using epif1uorescence microscopy. Relative abundances of 
pico- and nanop1ankton in Lake Ontario were comparable to those in the North 
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Atlantic, although absolute abundances in the Lake were slightly greater than 
in the North Atlantic. The contribution of heterotrophic micro flagellates was 
assessed by both a direct counting technique and by a Most Probable Number 
culture technique. The results suggest that at this level of observation 
the <20 ~ plankton of Lake Ontario is strikingly analogous, although 
somewhat more eutrophic, to the plankton of the North Atlantic. 
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METHODS AND MATERIALS 
Samples were collected from two stations in Lake Ontario and from 23 
stations in the North Atlantic. Stations were located north-centrally 
(43 0 53' 39"N, 78 0 15' 34"W; "nearshore" station) and centrally (430 35' 39"N, 
780 l3'16"W; "offshore" station) in Lake Ontario. Bottom depths were 
approximately 38 m and 177 m for these two stations, respectively. Samples 
were collected from both stations in Lake Ontario on 28-29 April 1982, 28-29 
June 1982 and 23-24 August 1982). These sampling times corresponded to 
periods when the surface water temperature at the two stations was near its 
minimum (1.6 and 2.70 C), during the spring warming (5.8 and l3.50 C), and 
near its maximum (15.0 and l5.50 C), respectively. Water temperature was 
isothermal at the time of the April sampling, but thermoclines were present 
during June and August. 
Station locations for the North Atlantic are given in Figure 1.1. Samples 
were collected from each of three oceanographic regimes (Sargasso Sea, Gulf 
Stream, Continental Shelf/ Slope) during the winter, spring and summer (see 
Appendix VI for individual sampling dates). SymbolS in Figure 1.1 indicate 
the location of the stations relative to the Sargasso Sea and eastern North 
Atlantic (collectively referred to as "Sargasso Sea" samples in the Results 
and Discussion), Gulf Stream, and Continental Shelf/Slope. Samples were 
obtained on five oceanographic cruises over a two year period (R/V Atlantis II 
cruise #109:3, 12 Aug to 11 Sept 1981; R/V Oceanus cruise #115, 16 Feb to 5 
Mar 1982; R/V Knorr cruise #94, 18 May to 6 June 1982; R/V Columbus Iselin 
cruise #83-01, 19 Feb to 12 l~r 1983; R/V Oceanus cruise #137, 12 Aug to 25 
Aug 1983). 
Vertical profiles were made at each station by collecting samples in 
acid-rinsed (O.IN HC1) Niskin bottles. Samples for epifluorescence microscopy 
were preserved with filtered glutaraldehyde at a final concentration of 1%. 
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Figure 1.1. Location of sampling stations in the North Atlantic. 
Squares, circles and diamonds indicate Sargasso Sea stations, Gulf Stream 
stations and Continental Shelf/Slope stations, respectively. Dates, locations 
and epifluorescence counts are given for individual stations in Appendix VI. 
C.) Sargasso Sea 
C.) Gulf Stream 








Samples were examined for the density of phototrophic picoplankton (primarily 
chroococcoid cyanobacteria), heterotrophic picoplankton (heterotrophic 
bacteria), and phototrophic and heterotrophic nanoplankton. Preparation and 
counting techniques are given in Appendix I. Population densities determined 
by epifluorescence microscopy were converted to biovolume estimates for three 
vertical profiles (see Figure 1.15) based on average cell dimensions for each 
population. For Hpico, cells were counted as "cocci" or "rods". Volumes of 
3 ~ 3 0.065 um cell for cocci (average diameter of 0.4 pm) and 0.088 pm 
-1 
cell for rods (average dimensions of 0.4 x 0.7 pm) were used to convert 
bacterial density to biovolume. 3 -1 Volumes of 0.52 pm cell for freshwater 
samples (average diameter of 1.0 pm) and 0.18 pm3 cell-l for marine 
samples (average diameter of 0.7 pm) were used to convert Ppico density to 
biovolume. 3 -1 A volume of 22.45 pm cell (average diameter of 3.5 pm) was 
used to convert Pnano and Briano density to biovolume. 
Live samples were also taken from acid-rinsed Niskin bottles and cultured 
for bacterivorous protozoa using the Most Probable Number culture technique 
(MPN) described in Appendix II. This procedure was generally used only with 
the 1 m and 100 m samples of the vertical profiles taken in the North 
Atlantic. Depths shallower than 100 m were used for Continental Shelf 
samples. The MP~! technique was performed in Lake Ontario on seven water 
samples taken on 23-24 August 1982. 
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RESULTS AND DISCUSSION 
Factors Affecting Pico- and Nanop1ankton Distributions 
The extent of the observed vertical and seasonal fluctuations in 
picop1ankton and nanop1ankton in Lake Ontario and the North Atlantic is 
summarized in Figures 1.2-1.5. All vertical profiles within an environment 
(Sargasso Sea, Gulf Stream, Continental Shelf/Slope, Lake Ontario) were 
plotted and the maximum range of variation of these profiles is indicated in 
Figures 1.2-1.5 by the hatched area. Summed profiles for all the North 
Atlantic stations are presented in Figure 1.6. 
The range of population densities shown in Figures 1.2-1.6 should 
represent nearly the full extent of the seasonal changes in population 
densities since the samples were collected during the winter, spring and 
summer. Changes in the abundance of the <20 pm plankton in the North 
Atlantic due to depth were generally as large as, or larger than, changes 
associated with season. This was expected for phototrophic populations which 
require sunlight for growth but was also observed for heterotrophic 
populations. The magnitude of decreases in abundance with depth was not as 
great for the Lake Ontario profiles. This may be a result of the relatively 
shallow water depth of the Lake. 
Season strongly affected the vertical distribution of microorganisms at 
the Continental Shelf/Slope and Lake Ontario stations. Population densities 
at these stations during the winter were essentially constant throughout the 
water column, presumably a result of rapid vertical mixing. The presence of a 
permanent thermocline at the Sargasso Sea and Gulf Stream stations maintained 
differences in abundance on a vertical basis throughout the year. 
Seasonal changes in the density of pico- and nanop1ankton were not quite 
as large as shifts in population density between the three oceanic 
environments. The maximum abundances attained in the Shelf/Slope were 
-20-
Figure 1.2. Extent of the seasonal changes in the abundance of pi co- and 
nanoplankton (hatched area) inferred from 12 vertical profiles in the Sargasso 
Sea. Sampling dates and locations are given in Appendix VI and Figure 1.1. 
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Figure 1.3. Extent of the seasonal changes in the abundance of pico- and 
nanoplankton (hatched area) inferred from five vertical profiles in the Gulf 
Stream. Sampling dates and locations are given in Appendix VI and Figure 1.1. 
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Figure 1.4. Extent of the seasonal changes in the abundance of pica- and 
nanop1ankton (hatched area) inferred from six vertical profiles in the 
Continental Shelf/Slope environment. Sampling dates and locations are given 
in Appendix VI and Figure 1.1. 
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Figure 1.5. Extent of the seasonal changes in the abundance of pico- and 
nanoplankton (hatched area) inferred from six vertical profiles in Lake 
Ontario. Sampling dates and locations are given in the Methods and Materials. 
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Figure 1.6. Extent of the seasonal changes in the abundance of pico- and 
nanoplankton (hatched area) in the summed North Atlantic stations (Figures 
1.2-1.4) inferred from 23 vertical profiles in the Sargasso Sea, Gulf Stream 
and Continental Shelf/Slope. 
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slightly greater than those attained in the open ocean environments. However, 
there was a large amount of overlap between the three environments. This can 
be seen by a comparison of the widths of the distributions in Figure 1.6 with 
those in Figures 1.2-1.4. 
Changes in the abundance of individual components of the pico- and 
nanoplankton varied greatly. Hpico generally showed a seasonal or spatial 
(between-station) variation of less than an order of magnitude for any given 
depth. The largest changes in the density of Hpico occurred along a vertical 
profile and were correlated with the presence of a thermocline. 
Stratification of the water resulted in greater Hpico density in surface 
waters relative to deep waters, presumably due to effective trapping of 
organic matter in the surface waters and the warmer water temperature at the 
surface. In contrast to Hpico, Ppico showed seasonal changes in surface 
waters in excess of three orders of magnitude (Figure 1.5). This variability 
was also observed in Lake Ontario, where it has been correlated with 
temperature (Caron et al., Appendix V). Phototrophic and heterotrophic 
nanoplankton densities showed seasonal changes that were comparable to each 
other, and generally were intermediate between changes in bacterial and 
cyanobacterial density. 
Seasonal changes of abundances observed in this study are in agreement 
with other seasonal studies in these environments. Algal biomass in Lake 
Ontario has been shown to vary seasonally by approximately one order of 
magnitude (Munawar et aI., 1974; Stadelman & Munawar,1974). Hnano and Ppico 
have not preViously been enumerated in Lake Ontario. The seasonal and spatial 
range of pico- and nanoplankton abundance observed in the ocean during this 
study are also in agreement with published data. Densities of Hpico (Ferguson 
& Rublee, 1976; Watson, 1977; Ramsay, 1978; Sieburth & Davis, 1982), Ppico 
(Waterbury, 1984), Pnano (Davis et aI., submitted) and Hnano (Iloiseev, 
1980; Fenchel,1982d; Sieburth & Davis, 1982; Caron, 1983; Sherr & Sherr, 1983; 
Sherr et al., 1984; Davis et al., submitted) are within the range of densities 
observed in this study. 
The importance of seasonal changes in the abundance of pico- and 
nanoplankton cannot be adequately assessed without some estimation of the 
fluctuations in their abundances due to other factors. Evidence for an 
important effect of depth has already been noted for the oceanic profiles. 
However, changes in abundances due to changes in environment (Sargasso Sea, 
Gulf Stream, Continental Shelf/Slope) were somewhat greater than seasonal 
changes in those environments (with the exception of Ppico). 
Changes in abundance within a single environment during one season were 
investigated by comparing vertical profiles of microorganisms taken during a 
single cruise. The ranges of population density observed in this manner are 
presented for the Sargasso Sea, Continental Shelf/Slope, and Lake Ontario in 
Figures 1.7-1.9, respectively. The June data set was chosen for the Lake 
Ontario stations because surface water temperatures were most dissimilar at 
the two stations at that time. This difference has been shown to cause a lag 
in the increase of offshore biomass relative to nearshore biomass (Stadelman & 
Munawar, 1974). 
A comparison of Figures 1.2, 1.4 and 1.5 to Figures 1.7, 1.8 and 1.9, 
respectively, indicates that a good deal of the "seasonal"· variability 
associated with the density of pico- and nanoplankton in these environments 
cannot be distinguished from spatial variability within that environment. 
Statistical analysis of the variability is not appropriate due to differences 
in the depth of the thermocline, light penetration, sampling depth, etc •• 
However, the width of the hatched areas in Figures 1.2-1.9 provides an 
estimate of the variability of microbial abundance. For the Sargasso Sea 
samples collected in August (Figure 1.7), between-station variability 
Figure 1.7. Extent of changes in the abundance of pico- and nanoplankton 
(hatched area) among vertical profiles taken at nine stations in the Sargasso 
Sea during R/V Atlantis II cruise #109:3. 
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Figure 1.8. Extent of the changes in the abundance of pice- and 
nanoplankton (hatched area) among vertical profiles taken at four stations on 
the Continental Shelf/Slope during R/V Oceanus cruise U136. 
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Figure 1.9. Extent of the changes in the abundance of pica- and 
nanoplankton (hatched area) among vertical profiles taken at the nearshore and 
offshore stations in Lake Ontario during ess Limnos cruise 982-00-016. 
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accounted for roughly one-half of the variabilaty in the density of Hpico, 
Ppico, and Pnano, and virtually all of the variability in the density of 
Hnano. For the Continental Shelf/Slope samples collected in August (Figure 
1.8), between-station variability accounted for a large portion of the 
"seasonal" variability in the density of all four components in that 
environment. Between-station variability for Lake Ontario in June (Figure 
1.9) accounted for most of the "seasonal" changes in Hpico and Pnano 
abundance, but less than half of the changes in Ppico and Hnano. It is 
concluded from these results that small-scale spatial variability within these 
environments was as important as "seasonal" variability in these same 
environments. These results are in agreement with studies which have shown 
significant fluctuations in Hpico, Ppico, Pnano and Hnano abundance over a 
diel cycle (Burney et al., 1981; Davis et al., submitted). These studies 
confirm the highly dynamic nature of pico- and nanoplankton density, and 
suggest relatively rapid rates of energy and nutrient cycling among these 
microbial populations. 
Comparison of Lake Ontario and the North Atlantic 
A comparison of the seasonal and spatial distributions of picoplankton and 
nanoplankton in Lake Ontario and the North Atlantic showed fairly strong 
overlap (Figure 1.10). The double-hatched areas in Figure 1.10 indicate the 
extent of overlap. Maximum population densities in Lake Ontario generally 
exceeded maximum population densities observed in the North Atlantic, but 
significant overlap was apparent. Population ranges of Ppico and Hnano in 
Lake Ontario were almost completely encompassed by the North Atlantic ranges. 
Pnano distributions were the most dissimilar. 
Examination of Figures 1.2-1.4 indicates that maximum overlap with the 
Lake Ontario distributions (Figure 1.5) occurred with the Continental 
Shelf/Slope environment. This result was not unexpected due to the similarity 
-n-
Figure 1.10. Comparison of the seasonal ranges of pico- and nanop1ankton 
density in vertical profiles from the North Atlantic and Lake Ontario. The 
North Atlantic range was determined from 23 vertical profiles in the Sargasso 
Sea, Gulf Stream and Continental Shelf/Slope (Figure 1.6). The Lake Ontario 
range was determined from six vertical profiles at the nearshore and offshore 
stations (Figure 1.5). 
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in depth of the water column and primary productivity. Seasonal succession of 
pico- and nanop1ankton in Lake Ontario was also closely paralleled by 
succession in the Shelf/Slope environment. For example, Hpico abundance in 
surface waters of the Sargasso Sea and Gulf Stream was maximal during the 
winter while in the Shelf/Slope and Lake Ontario it was maximal during the 
summer. Likewise, the range of Ppico density in the North Atlantic and Lake 
Ontario appeared similar, but seasonal succession between open ocean stations 
(Gulf Stream and Sargasso Sea) and Lake Ontario stations was reversed (Figure 
1.11). Ppico was maximal during the summer in Lake Ontario (presumably an 
effect of water temperature), while in the Gulf Stream maximum densities of 
Ppico were observed in the winter. Water temperature was relatively warm 
throughout the year in the latter environment (surface temperature = 
20. 6-29. SoC) and was probably not as important in determining abundance as 
it was in Lake Ontario (Caron et a1., Appendix V). Nutrient depletion and/or 
light inhibition may playa greater role in controlling seasonal changes of 
Ppico in the open ocean. The development of a strong subsurface maximum in 
abundance during the summer (Figure 1.11) supports this hypothesis. Large 
changes in Ppico density were not observed for Shelf/Slope stations in this 
study. This undoubtedly occurred because the winter profile from this 
environment was performed in a relatively warm-water area (16.0oC). Large 
seasonal changes in Ppico abundance have been observed in temperate 
environments (Krempin & Sullivan, 1981; Waterbury et a1., 1984). These 
studies describe seasonal changes which mirror those observed in Lake Ontario 
both in magnitude and timing. 
Examples of the relative contribution of pico- and nanop1ankton components 
in Lake Ontario and the North Atlantic are given in Figure 1.12. This Figure 
shows the numerical relationships of Hpico, Ppico, Pnano and Hnano in 
representative vertical profiles from the Sargasso Sea, the Shelf/Slope and 
-33-
Figure 1.11. Vertical distribution of Ppico in the Gulf Stream and Lake 











































Figure 1.12. Numerical relationships of Hpico, Ppico, Pnano and Hnano in 
representative vertical profiles from the Sargasso Sea (330S9'N, 73011'W 
on 23 April 1982, Continental Shelf C41022'N, 69017'W on 12 August 1983) 
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Lake Ontario environments. An increase in the absolute abundance of each of 
the four populations is obvious in the direction Sargasso Sea <Shelf/Slope < 
Lake Ontario. However, the relative abundances of the populations were nearly 
unchanged in all three environments. This observation suggests that the 
marine and freshwater environments may be quite analogous in structure (at 
this level of observation), but simply differ in their state of 
eutrophication. This point is shown in Figure 1.13 which shows the average 
densities of all four populations in the photic zone of each environment. 
Densities increased in the order Sargasso Sea < Gulf Stream <Shelf/Slope 
Lake Ontario, but relatively constant proportions of Hpico, Ppico and Pnano 
were found in all environments. Average Hnano density was more variable, but 
still showed an increasing trend in the same direction as the other 
populations. 
Relative Contribution of Heterotrophic Microflagellates 
Examples of the numerical importance of heterotrophic microflagellates 
relative to other pico- and nanoplankton populations in Lake Ontario and the 
North Atlantic has been given in Figure 1.12 and can be inferred from the 
seasonal/vertical distributions in Figures 1.2-1.5. Population densities were 
always within an order of magnitUde of Pnano densities in marine and 
freshwater samples in surface waters, and approximately three orders of 
magnitude less abundant than Hpico. Their relationship to Ppico was highly 
variable due to the large seasonal changes in Ppico abundance. The numerical 
relationship of Hnano to other pico- and nanoplankton components is given for 
all four environments during the three sampling seasons in Figure 1.14. Once 
again the analogy between the North Atlantic and Lake Ontario communities is 
apparent. The ratio of Hpico to Hnano followed similar trends for all four 
environments. All ratios decreased in magnitude from winter to spring and 
then increased from spring to summer. Hpico:Hnano ratios during the summer 
-36-
Figure 1.13. Average population densities of pico- and nanoplankton in 
photic waters of the North Atlantic and Lake Ontario. "n" equals the number of 
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increased along an environmental gradient (oligotrophic to eutrophic). The 
largest ratios were associated with Lake Ontario and Shelf/Slope. This trend 
is the opposite of that observed by Davis & Sieburth (1982) and Davis et a1. 
(submitted). However, the latter study noted a lack of correlation when all 
the data were pooled. It is probable that inter-seasona1 variations in the 
ratio of Hpico to Hnano may obscure or even alter relationships which may be 
present when data from one season are examined. A predator-prey relationship 
between Hnano and Hpico may also cause rapid changes in the ratio of Hpico to 
Hnano. Sherr et a1. (1984) observed a constant relationship between Hpico and 
Hnano, but Fenche1 (1982d) noted that the densities of Hpico and Hnano were 
correlated but were temporally shifted, suggesting a predator-prey 
relationship between the two populations. Grazing of Hnano on Hpico may 
explain much of the variability in Hpico:Hnano in this and other studies. 
However, the magnitudes of the Hpico to Hnano ratios observed in this study 
were comparable to ratios calculated in other studies (Lighthart, 1969; 
Fenche1, 1975; Sherr et a1., 1984; Davis et a1., submitted). 
The ratio of PPico to Hnano exemplifies the similarity of the Shelf/Slope 
and Lake Ontario communities. Ppico:Hnano decreased for the Sargasso Sea and 
Gulf Stream samples from winter to summer. In contrast, this ratio increased 
in the Shelf/Slope and Lake Ontario communities from winter to summer. This 
trend has been discussed (Figure 1.11). 
Changes in the ratio of Pnano to Hnano for Lake Ontario were most similar 
to changes observed in this ratio for the Gulf Stream. This ratio was always 
greater for Lake Ontario than for any of the marine environments, and is 
undoubtedly due to the fact that Pnano distributions in Lake Ontario showed 
relatively little overlap with Pnano distributions from the North Atlantic 
(Figure 1.10). The composition of the Pnano in Lake Ontario was apparently 
quite different from the North Atlantic population. Pnano density in the Lake 
-39-
showed relatively smal~ decreases with depth, even when a well-developed 
thermocline was present. This can be seen by comparing the density of Hnano 
to other pico- and nanoplankton components in the photic and aphotic zones of 
Lake Ontario and the North Atlantic (Table 1.1). It was expected that the 
heterotrophic components of the pico- and nanoplankton would undergo smaller 
changes in population density between photic and aphotic environments, and 
that this would be reflected in their abundance relative to Hnano. This was 
apparent in the ratio of Hpico to Hnano. This ratio in the aphotic zone 
samples was O.6-l.7x its value in the photic zone samples. In contrast, 
Ppico:Hnano and Pnano:Hnano both decreased by 1-2 orders of magnitude from 
photic to aphotic zone samples. This decrease was due to large decreases in 
the phototrophic components. The exception to this trend was Pnano:Hnano in 
Lake Ontario. This ratio in the aphotic zone of the Lake was twice that of 
the ratio in the photic zone. This unexpected result was not observed in July 
1981. It may be due to resuspension of Pnano which were transferred to deeper 
water via sinking or it may represent the resuspension of Pnano which were 
ingested (but not digested) and transferred to deeper waters in fecal 
pellets. Another possibility is that Pnano in the aphotic zone during 1982 
were feeding phagotrophically and maintaining high densities in the aphotic 
zone by reproduction. It is possible that Pnano may obtain energy 
osmotrophically, but recent speculation suggests that this nutritional mode is 
unlikely for nanoplankton (Sieburth, in press). Phagotrophic activity of 
Pnano has been proposed in freshwater (K.Porter, pers. comm.) and marine 
environments (J.McN. Sieburth, pers. comm.). Phagotrophy was apparently not 
important for the Pnano below the photic zone in the ocean since their density 
decreased dramatically in the aphotic zone of this environment. Although 
heterotrophy by Pnano is possible, it should also be noted that the ratio of 
Pnano to Hnano increased with decreasing bottom depth. Therefore, 
-40-
Table 1.1. Average relative abundance of heterotrophic nanoplankton to 
other pico- and nanoplankton components in the photic and aphotic zone of Lake 
Ontario and the North Atlantic. Numbers in parentheses show the change in the 
ratios between photic and aphotic environments (given as % of the ratio in the 
photic zone. Only those samples which showed a well-developed thermocline 
were used to calculate the ratios. 
HPICO:HNANO PPICO:HNANO PNANO:HNANO 
LOCATION PHOTIC APHOTIC PHOTIC APHOTIC PHOTIC APHOTIC 
Sargasso Sea 490 800 12 0.04 0.71 0.04 
(168) (0.3) (9.8) 
Gulf Stream 1200 760 33 0.63 1.3 0.03 
(64) (1.9) (2.3) 
Shelf/Slope 1100 1270 41 0.79 1.2 0.30 
(112) (1. 9) (24) 
Lake Ontario 3700 2100 370 12 3.0 5.9 
(57) (3.2) (197) 
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resuspension may be important for explaining the large densities of Pnano in 
the aphotic zone of Lake Ontario. 
The overall seasonal and spatial distribution of Hnano in Lake Ontario 
showed a great deal of analogy to the distribution in the North Atlantic 
(Figure 1.10). Lesser minimum densities were observed in the North Atlantic 
(presumably because of the more oligotrophic conditions in the open ocean). 
Nevertheless, most of the vertical profiles showed overlapping distributions. 
Direct counts by epifluorescence microscopy offer only one way to estimate 
the number of heterotrophic microflagellates (see Appendix II for 
discussion). Most Probable Number (MPN) culture estimates were also performed 
at selected stations and depths in all four environments. The range and 
average MPN counts are given in Table 1.2. Microflagellates were the most 
abundant bacterivorous protozoa cultured in all four environments, and were 
observed in all samples. Cultured microflagellates were dominated 
taxonomically by colorless chrysomonads such as Paraphysomonas (Hibberd, 
1979). Bodonid flagellates were also abundant. Davis (1982) has described 
the taxonomic composition of heterotrophic microflagellates in the North 
Atlantic. Amoebae were second in abundance and in the total number of samples 
showing growth of protozoa. These protozoa were dominated taxonomically by 
Acanthamoeba (Davis et al., 1978). Bacterivorous ciliates were rarely observed 
in the open ocean (1 positive sample out of 40 Sargasso Sea and 11 Gulf Stream 
samples). Increasing densities of microflagellates were observed on an 
offshore-to-inshore transect in the North Atlantic. Densities of protozoa in 
Lake Ontario averaged more than an order of magnitude greater than densities 
in the North Atlantic. Similar results were observed for the amoebae and 
ciliates. It is proposed that these four environments represent an 
environmental gradient, with the Sargasso Sea and Gulf Stream at one end of 
the gradient, Lake Ontario at the other end, and the Shelf/Slope 
-42-
Table 1.2. }Iost Probable Number estimates of the bacterivorous protozoa 
in samples obtained in acid-rinsed Niskin bottles from the North Atlantic and 
Lake Ontario. A range and mean density are given. Numbers in parentheses 
indicate the number of samples which showed growth of protozoa. The means (X) 
given in the Table include only those samples which showed positive 
growth. 
MPN 12er 100 HI 
NO. OF 
lOCATION SAMPlES CIlIATES FlAGEllATES A110EBAE 
SARGASSO SEA 40 ND"-1.0l 0.81-590 ND-3.03 
X=1.0l (1) )(=59.7 (40) X=0.78 (18) 
GUlF STREAII 11 ND 8.6-309 ND-3.0 
)(=58.5 (11) )(=1. 71 (7) 
SHElF/SlOPE 9 ND-0.37 17.3-879 0.37-85.9 
X=0.37 (2) X=186 (9) )(=10.3 (9) 
NORTH ATlANTIC 60 ND-1.01 0.81-879 ND-85.9 
(TOTAl) X=0.58 (3) )(=72.1 (60) X=3.49 (34) 
lAKE ONTARIO 7 ND-17.3 84-10,500 ND-173 
)(=10.4 (6) )(=2,400 (7) X=30.2 (6) 
.. ND indicates that no positive cultures were obtained at the lowest 
dilution. (Theoretical limit of detection = 0.37 organisms per 100 ml.) 
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environment intermediate to these extremes. The MPN estimates (Table 1.2) and 
the average population densities given in Figure 1.13 suggest that the 
picoplankton and nanoplankton of Lake Ontario represent a microbial plankton 
community which is analogous to marine plankton communities, but one which is 
more eutrophic than the marine communities examined in this study. 
The observed changes in the number of heterotrophic microflagellates 
between the four environments as estimated by the HPN technique (Table 1.2) 
were greater than changes in this population suggested by the epifluorescence 
counts (Figures 1.lOd & 1.13). This indicates that the ratio of the density 
of heterotrophic microflagellates determined by the MPN technique to that 
determined by the epifluorescence technique must be different between the 
environments (Table 1.3). The possible significance of a change in this ratio 
is discussed in Appendix II. Briefly, a change in this ratio may indicate a 
change in the relative contribution of non-microflagellate entities to the 
direct counts, a difference in the trophic mode of the microflagellates 
composing the population (e.g. herbivorous to bacterivorous), or a difference 
in the physiological state of the micro flagellates in the population which in 
turn affects culture success. Since the ratio changed along an 
oligotrophic-to-eutrophic gradient it is suggested that the latter two 
explanations may explain this observation. 
The relative importance of picoplankton (potential prey for 
microflagellates) in these environments may explain the large variability in 
the number of culturable microflagellates. Biovolumes calculated from the 
abundances given in Figure 1.12 are presented in Figure 1.15. Wide numerical 
disparity between the four populations is greatly reduced by conversion to 
biovolume. While densities of the four populations in surface waters 
collectively span more than three orders of magnitude, their corresponding 
biovolumes differed by only one order of magnitude. The relative importance 
-44-
Table 1.3. Comparison of the J10st Probable Number estimates (MPN) of 
flagellated protozoa and epif1uorescence counts (DC) of heterotrophic 
nanop1ankton (expressed as the percent of the direct counts accounted for by 
the MPN estimates). 
NO. OF 
LOCATION SAMPLES MPNx100:DC 
SARGASSO SEA 40 <0.01-0.70 
X=0.09 
GULF STREAM 11 0.02-0.45 
X=0.10 
SHELF/SLOPE 9 0.01-1.6 
X=0.44 
LAKE ONTARIO 8 0.08-6.8 
X=1.9 
-45-
Figure 1.15. Biovolumes of Hpico, Ppico, Pnano and Hnano in 
representative vertical profiles from the Sargasso Sea, Continental Shelf and 
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of picoplankton biovolume is in the direction Lake Ontario> Shelf/Slope> 
Sargasso Sea & Gulf Stream. This is also the direction of the increase in the 
ratio of MPN to epifluorescence counts (Table 1.3). Thus, it seems probable 
that the increased biomass of picoplankton prey may be responsible for a shift 
in the composition of heterotrophic nanoplankton towards bacterivorous forms. 
Discrepancies between MPN and direct counting techniques have been noted 
previously. Davis et al. (submitted) noted large discrepancies between MPN 
estimates and direct counts for oceanic samples (MPN:DC approximately 0.1%) 
and a decrease in the magnitude of the discrepancy for estuarine samples 
(MPN:DC approximately 0.1-26%). Fenchel (1982d) found relatively close 
agreement between MPN estimates and direct counts in a nearshore eutrophic 
marine environment. MPN estimates of the number of bacterivorous 
micro flagellates in macroscopic detrital aggregates accounted for as much as 
51.7% of the direct counts (Chapter 2). These results suggest that changes in 
the trophic mode of the Hnano may account for the increase in the percent of 
this population which can be cultured. However, the possibility that offshore 
species are more fastidious in their cultural requirements cannot yet be ruled 
out as an explanation for the discrepancies between the two techniques. 
Conclusion 
Similarity in the relative abundance of phototrophic and heterotrophic 
components of the pico- and nanoplankton (Figure 1.10) suggest that the <20 
~ plankton of Lake Ontario is highly analogous to the plankton of the North 
Atlantic. Maximum abundances of pico- and nanoplankton in Lake Ontario 
exceeded maximum abundances of these populations in the marine environments 
examined in this study, but are in agreement with population densities 
observed in eutrophic marine environments (Vinogradov et al., 1976; Tumantseva 
& Sorokin, 1977; Sorokin & Kogelschatz, 1979; Sorokin, 1981; Tumantseva, 
1981). The plankton> 20 pm differs dramatically between the North 
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Atlantic and Lake Ontario. Aside from the obvious differences in species 
composition for taxa which are found in both environments (e.g. copepods) 
there are also dramatic differences in the composition of the zooplankton taxa 
from the two environments. Rotifers are a conspicuous component of the Lake 
Ontario plankton, but are rare in the oceanic plankton. Conversely, marine 
plankton communities include several taxa (e.g. tunicates) which are absent 
from freshwater environments. Despite the fact that grazing by these 
zooplankton is capable of significantly altering pico- and nanoplankton 
density, their effects are not apparent as significant shifts in the relative 
abundance of Hpico, Ppico, Pnano and Hnano. If dissimilarities are indeed 
present in the <20 urn plankton of these marine and freshwater environments, 
they apparently do not manifest themselves as severe shifts in the relative or 
absolute abundances of the four populations enumerated in this study. 
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CHAPTER 2 
MACROAGGREGATES AS MICRO ENVIRONMENTS 
OF ELEVATED MICROBIAL BIOMASS AND ACTIVITY 
IN THE NORTH ATLANTIC 
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ABSTRACT 
Counts were made by epifluorescence microscopy of the number of 
phototrophic and heterotrophic picoplankton, phototrophic and heterotrophic 
nanoplankton, and algae > 20 pm on macroaggregates (macroscopic detrital 
particles) collected from surface waters of the North Atlantic. A Most 
Probable Number culture technique was also used to estimate the density of 
bacterivorous protozoa. All microbial populations enumerated were highly 
enriched on macroaggregates relative to their densities in the surrounding 
water. Microorganisms associated with aggregates were more important (on a 
per-particle basis) in open ocean environments because of the compounding 
effects of the lower density of microorganisms in the surrounding water from 
the open ?cean (relative to the nearshore environment) and the higher density 
of microorganisms in macroaggregates from the open ocean (relative to 
macroaggregates from the nearshore environment). Documentation of the 
microbial colonization of material released by ctenophores and appendicularia 
indicated that these materials are likely sources of macroaggregates since 
they supported microbial populations of the same order of magnitude as were 
observed on SCUBA-collected macroaggregates. Heterotrophic micro flagellates 
dominated the bacterivorous protozoa cultured from both macroaggregates and 
the surrounding water, but dense populations of ciliates and amoebae were also 
present on macroaggregates. Protozoan populations on macroaggregates were 
sufficiently dense relative to the surrounding water that it is proposed that 




The term "macroaggregate" encompasses a wide spectrum of macroscopic 
detrital particles which have been variously referred to as "organic 
aggregates", "detrital aggregates" or, more commonly, "marine snow". Their 
origin, activity and fate have been the subject of a number of investigations 
in recent years. These studies have demonstrated that macroaggregates 
constitute microenvironments characterized by high rates of primary 
productivity (Alldredge & Cox, 1982; Knauer et al., 1982; Prezelin & 
Alldredge, 1983) and heterotrophy (Silver et al., 1978; Trent et al., 1978; 
Caron et al., 1982) relative to equal volumes of the surrounding water. They 
have been shown to be sites of nutrient enrichment (Shanks & Trent, 1979) and 
have been suggested as a food source for epipelagic (Alldredge,. 1972, 1976; 
Gerber & Marshall, 1974, 1982; Gottfried & Roman, 1983) or deep-sea organisms 
(Shanks & Trent, 1980; Silver & Alldredge, 1981). 
Many potential sources of macroaggregates in the plankton have been 
documented, ranging from the secretions of benthic or pelagic organisms to 
dissolved organic matter. The possibility that the large pool of dissolved 
organic matter in the ocean is a source of particulate material was proposed 
and demonstrated more than 20 years ago (Baylor & Sutcliffe, 1963; Riley, 
1970). More exacting methodology has reconfirmed this mechanism for the 
formation of small aggregates (Johnson & Cooke, 1980). In neritic 
environments the benthos can contribute significantly to the concentration of 
suspended macroaggregates. Coral reefs may release large amounts of mucus 
which add to the concentration of particules downstream from the reef 
(Johannes, 1967; Coles & Strathmann, 1973; Gerber & Marshall, 1974; Ducklow & 
Mitchell, 1979). Macrophytes may also be a source of suspended particles in 
neritic waters (Linley & Fields, 1982) and resuspension of sedimented material 
may cause large standing crops of macroscopic particles in some neritic and 
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deep-sea environments (Bothner et al., 1983). 
In the open ocean, the contribution of the benthos to the macroaggregate 
concentration of the plankton is eliminated. Several important sources of 
detrital aggregates in this environment have been identified. These include 
discarded appendicularian houses (Alldredge, 1976, 1979), mucus sloughed by 
ctenophores (Caron et al., 1982), fecal material of some tunicates (Pomeroy & 
Deibel, 1980) and the mucus feeding structures of some pteropods (Gilmer, 
1972; Caron et al., 1982). These highly disparate sources of particulate 
material result in a standing crop of macroaggregates that can vary 
temporally, spatially or compositionally. 
Measurements of the density of macroaggregates confirm that they are 
numerically quite variable. -1 A range of 0.2 to 14.0 aggregates 1 has been 
observed in neritic waters and a range of 0.001 to 5 aggregates 1-1 has been 
observed in the open ocean (Alldredge, 1979; Shanks & Trent, 1980; Honjo & 
Asper, 1982; Honjo et al., 1984). This variability is in contrast to the more 
uniform (and more abundant) concentration of microscopic aggregates in the 
ocean (Riley et al., 1965; Gordon, 1970; Pomeroy, 1983). However, due to the 
sampling techniques used in these latter studies, disaggregation of larger 
particles cannot be ruled out. 
Most microscopical studies of detrital aggregates have documented the 
occurrence of large populations of microorganisms associated with these 
aggregates. However, few studies have provided more than anecdotal 
information on the types and densities of these microorganisms (Trent et al., 
1978; Silver et al., 1978; Silver & Alldredge, 1981; Caron et al., 1982; 
Silver et al., 1984). A more thorough investigation of these microorganisms 
is warranted since they are ultimately the primary mechanism for chemical 
alteration of the aggregate. They may also increase the nutritional value of 
these particles for planktonic detritivores or become available as a food 
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source to a wider range of organisms through their association with relatively 
large particles. For example, Kopy1ov et a1. (1981) showed that the copepod 
Acartia c1ausi did not feed directly on solitary microf1age11ates, but did 
consume large numbers of microf1age11ates when the protozoa were attached to 
detrital particles. 
Work performed thus far on the ecological significance of macroaggregates 
has been carried out in neritic waters (with one exception; Caron et a1., 
1982). The importance of macroaggregates to biological processes in the 
oligotrophic ocean has not been investigated, despite the fact that aggregates 
may be more important in the open ocean where the population density and/or 
activity in the surrounding water is reduced (relative to nearshore 
environments). 
The present study arose from an investigation of the distribution of 
heterotrophic microf1age11ates in plankton communities (Chapter 1). 
Preliminary work (Caron et a1., 1982; Appendix IV) demonstrated the presence 
of highly elevated populations of microorganisms (including microf1age11ates) 
on macroaggregates from the Sargasso Sea relative to densities of these 
microorganisms in the water surrounding the aggregates. These results 
indicated a potential importance of macroaggregates as concentration points of 
microorganisms and microbial activity in plankton communities. 
Macroaggregates were collected from several environments in the North 
Atlantic and examined for microorganisms associated with them. Population 
densities on aggregates were compared to densities in the surrounding water. 
The results of this study suggest that macroaggregates are concentration 
points for microorganisms in the ocean. Aggregates may be responsible for the 
presence of some species of bacterivorous protozoa in the plankton by creating 
enriched microenvironments of bacterial biomass in an otherwise oligotrophic 
environment. 
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METHODS AND MATERIALS 
Samples of macroaggregates were collected by divers on five oceanographic 
cruises in the North Atlantic from August 1981 to August 1983 (R/V Atlantis II 
cruise #109:3, 12 Aug to 11 Sept 1981; R/V Oceanus cruise #115, 16 Feb to 5 
Mar 1982; R/V Knorr cruise #94, 18 May to 6 June 1982; R/V Columbus Iselin 
cruise #83-01, 19 Feb to 12 Mar 1983; R/V Oceanus 12 Aug to 25 Aug 1983). 
Station locations are given in Figure 2.1. Sampling depths ranged from the 
surface to aproximately 35 m. Macroaggregates were collected in sterile 
syringes to minimize the volume of surrounding water collected with the 
aggregates. However, some surrounding water was unavoidably collected with 
the aggregate samples. All population densities and enrichment factors given 
in the Results and Discussion were determined for this water-aggregate 
slurry. No attempt has been made to account for the dilution of microbial 
densities on the macroaggregate with this included water. Therefore, 
population densities and enrichment ·factors observed for these samples are 
conservative estimates of the degree of enrichment of aggregate populations 
relative to the surrounding water. 
Most aggregate samples were pooled to provide enough material for all 
analyses. The volume of individual aggregates varied from approximately 0.2 
ml to >15 ml. The total number of aggregates and total volume was recorded 
for all pooled samples with the exception of the Continental Shelf sample 
during R/V Oceanus cruise #115. Aggregate number for this sample was 
estimated from the average volume per aggregate (estimated by divers from size 
measurements made at the time of collection) and the total sample volume. 
Pooled samples were weighted according to the number of aggregates they 
contained for the calculation of average population densities and enrichment 
factors. 
Control samples (water collected near the aggregate, but not containing 
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Figure 2.1. Stations locations for macroaggregate samples collected 
August 1981 to August 1983. Symbols indicate the location of the samples 
relative to various hydrographic regimes; (III) Sargasso Sea, (e) Gulf Stream, 






























visible aggregates) were also collected by divers in sterile syringes. These 
samples were used to provide information about the densities of microorganisms 
in water surrounding the aggregates. Alternatively, Control samples were 
collected in acid-rinsed (0.1N HCl) Niskin bottles at the depth of collection 
of the macroaggregates. Since Niskin bottle samples may include 
macroaggregates, the enrichment factors calculated using these Control samples 
are conservative estimates of the actual enrichment factors. 
Macroaggregate samples were homogenized by vigorous shaking. Subsamples 
were taken for epifluorescence microscopy and protozoan culture. Samples for 
epifluorescence microscopy were preserved with glutaraldehyde at a final 
concentration of 1%. Phototrophic and heterotrophic components of the 
picoplankton (0.2-2.0 pm in size) and nanoplankton (2.0-20 pm in size) were 
enumerated, as well as algae> 20 pm. Hpico (heterotrophic picoplankton, 
primarily heterotrophic bacteria and perhaps chemolithotrophic bacteria), 
Ppico (phototrophic picoplankton, primarily chroococcoid cyanobacteria), Pnano 
(phototrophic nanoplankton), Hnano (heterotrophic nanoplankton, primarily 
heterotrophic microflagellates) and algae > 20 pm were counted using the 
procedure in Appendix I. The number of bacterivorous protozoa in 
macroaggregates was also determined using a Most Probable Number (MPN) culture 
technique (Appendix II). This procedure provides an alternative method to 
microscopical counts for estimating the density of heterotrophic 
microflagellates (see Appendix II for discussion) as well as a method for 
estimating the density of bacterivorous amoebae and ciliates. Epifluorescence 
and MPN counts were also made on Control samples. 
Colonization experiments were performed at sea to determine the potential 
for material released by gelatinous zooplankton to support bacterial and 
protozoan populations of the same order of magnitude as those found on 
SCUBA-collected macroaggregates. Mucus from the ctenophore Leucothea 
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mu1ticornis was collected by pipetting material sloughed from animals held in 
large aquaria. Some of this material was used immediately for the MPN culture 
technique while some was transferred to 4 1 aquaria containing unfiltered 
seawater at 200 C +10 in the dark to allow microbial colonization and 
growth. Subsamp1es were removed daily for three days and cultured using the 
MPN technique to estimate the number of bacterivorous protozoa present on the 
mucus. The MPN technique was also used with mucus fresh1y-re1eased by the 
ctenophore Cestum veneris. 
The carbon-to-nitrogen ratio of mucus from these two ctenophore species 
and of SCUBA-collected macroaggregates was also determined. Samples were 
o filtered onto pre-combusted glass fiber filters, dried at 60 C for 24 hr, 
and stored frozen. Samples were dried for another 24 hr just prior to 
analysis, and then analyzed for carbon and nitrogen by combustion in a 
Perkin-Elmer model 140 Elemental Analyzer. 
Discarded appendicu1arian houses were also examined for microbial 
colonization. Unidentified appendicu1aria were maintained in aquaria until 
they discarded their houses. The houses were then removed to 4 1 aquaria 
containing unfiltered seawater at 200 C +10 in the dark. One house was 
preserved for epif1uorescence counts of bacteria and total nanop1ankton 
initially and after two, three and four days of incubation. 
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RESULTS AND DISCUSSION 
It is clear from the present study (Tables 2.2 & 2.4) and from previous 
investigations that the density of microorganisms on marine snow varies over a 
wide range. Several factors may account for this variability, including the 
source of the material (i.e. chemical composition), the time since its 
formation, and the presence of microorganisms in the surrounding water which 
are capable of exploiting this resource. 
The source of the aggregate ultimately controls the magnitude of the 
microbial assemblage which will develop on the aggregate because it dictates 
the amount of labile organic material and nutrients available to 
microorganisms colonizing the aggregate. Identifying the source of individual 
marine snow particles is difficult due to the amorphous nature of most 
aggregates. Sources can be determined in cases where identifiable structures 
are present in the aggregates (such as appendicularian feeding nets 
(Alldredge, 1976; Silver & Alldredge, 1981), but in most cases the source must 
be inferred from the appearance of the aggregate, and the presence of animals 
capable of producing such structures. For example, Caron et al. (1982) 
surmised that many of the macroaggregates which they collected were discarded 
mucus feeding webs of the pteropod Creseis virgula. 
A range of aggregate volumes in excess of two orders of magnitude was 
3 
observed by divers in this study. Relatively small (0.2-1.0 cm ) particles 
were usually observed at stations on the Continental Shelf while much larger 
particles (~20 cm in diameter) were observed at open ocean stations. The 
largest aggregates observed were identified as the discarded houses of the 
mesopelagic appendicularian Bathochordaeus charon (Barham, 1979). The 
disparity in individual aggregate volumes between different water masses 
suggests very different sources of macroaggregates for these environments. It 
is probable that differences in the average population densities of 
-64-
microorganisms on macroaggregates (Tables 2.2 & 2.4) were due to the different 
sources and therefore different chemical composition of the aggregates in 
these different environments. 
Epifluorescence Counts of Microorganisms 
Densities of Hpico, Ppico, Pnano, Hnano and algae > 20 pm as determined by 
epifluorescence microscopy are given in Tables 2.1 and 2.2 for Control and 
macroaggregate samples, respectively. The samples have been grouped according 
to their location relative to large hydrographic regimes. The "Warm Core 
Ring" samples were taken on the edge of Ring 82B during R/V Knorr cruise #94. 
The range of densities observed within an environment and an average density 
are presented for each population. 
The range of densities observed in the Control samples (Table 2.1) can be 
explained by the large temporal and spatial variability associated with these 
populations (Chapter 1). Average density decreased for all the Control sample 
populations along a nearshore-to-offshore gradient. The magnitude of the 
decreases ranged from approximately two to 20 fold, with the largest decreases 
observed for algae ~ 20 pm. In contrast to Control samples, average densities 
of microorganisms on macroaggregates increased along a nearshore-to-offshore 
gradient (Table 2.2). As mentioned above, this observation can probably be 
explained by differences in the source of the macroaggregates in the different 
environments. Increases in population densities on macroaggregates along a 
nearshore to offshore gradient were of the same magnitude as decreases in 
Control samples along this gradient. 
These results suggest that densities of microorganisms on macroaggregates 
were not correlated with densities in the surrounding water, and thus probably 
not directly related to productivity in the surrounding water. This is 
indicated by a comparison of populations in macroaggregate and Control samples 
with photosynthetic pigment content of the surrounding water (Figure 2.2 & 
Table 2.1. Epif1uorescence counts of picop1ankton, nanop1ankton, and algae greater than 20 pm in Control 
and niskin bottle samples from surface waters of the North Atlantic. Ranges appear in parentheses and means 
(X) for all samples in each water mass are given below the ranges. Note that all multiplication factors 
(no. m1-1) are lower than those for macroaggregate samples. 
ALGAE 
NO. OF HPICO PPICO PNANO HNANO 20pm 
LOCATION SAMPLES (x105 mr1_) _ (x103 ml-1) (x102 m1-1) (x102 mr1) (No. m1-1) 
CONTINENTAL SHELF 7 (12.7-22.1) (18.7-29.8) (13.4-30.0) (3.90-26.2) (5.30-123) 
X = 19.2 X = 25.9 X = 20.7 X = 16.6 X = 35.5 
SLOPE 5 (6.61-18.5) (8.41-100) (9.80-31. 5) (8.16-32.1) (0.31-4.36) , a-
X = 14.9 X = 76.0 X = 20.8 X = 19.9 X = 2.94 '-" , 
WARM CORE RING 5 (5.50-11.0) (11.1-39.2) (6.68-27.5) (7 .05-44.7) (0.96-1.92) 
X = 8.58 X = 40.3 X = 16.4 X = 19.1 X = 1.60 
GULF STREAM 18 (1. 74-14. 9) (0.03-5/1.7) (0.45-16.3) (2.40-18.5) (0.24-39.3) 
X = 6.76 X = 15.8 X = 7.46 X = 7.04 X = 4.53 
SARGASSO SEA 18 (2.66-9.47) (1. 29-35. 2) (2.57-9.32) (2.70-14.7) (0.24-66.4) 
X = 4.76 X = 18.0 X = 5.82 X = 8.48 X = 11.5 
TOTAL 53 X = 8.66 X = 25.9 X = 10.8 X = 11.1 X = 10.6 
Table 2.2. Epif1uorescence counts of picop1ankton, nanop1ankton, and algae greater than 20 pm in macroaggregates 
from surface waters of the North Atlantic. Ranges appear in parentheses and means (X) for all samples in each water 
mass are given below the ranges. Pooled samples were weighted according to the number of aggregates in the sample 
for the calculation of a mean. 
ALGAE 
NO. OF HPICO PPICO PNANO HNANO 20pm 
LOCATION AGGREGATES (x106 mr1) (x105 m1-1) (xl04 m1-1) (x104 m1-1) (x103 m1-1) 
CONTINENTAL SHELF 67 (1. 70-11. 4) (0.96-7.27) (0.67-1.47) (0.87-2.00) (0.11-8.67) 
X = 6.58 X = 4.44 X = 1.14 X = 1.52 X = 1.66 
SLOPE 523 (5.45-16.0) (2.83-5.83) (1. 56-3.82) (1.26-3.93) (0.06-0.16) 
X = 9.41 X = 3.61 X = 2.27 X = 2.17 X = 0.08 
WARM CORE RING 71 (2.56-16.3) (1.00-10.0) (2.84-6.68) (3.46-10.3) (0.03-0.04) 
X = 9.53 X = 5.56 X = 4.79 X = 6.93 X = 0.03 
GULF STREAM 289 (0.91-250) (0.07-34.0) (0.16-12.9) (0.44-18.2) (0.01-11.0) 
X = 11.4 X = 6.59 X = 4.62 X = 4.65 X = 7.70 
SARGASSO SEA 103 (1.12-16.7) (0.34-28.4) (0.28-8.59) (0.13-5.20) (0.002-108) 
X = 8.50 X = 7.18 X = 4.47 X = 2.57 X = 40.7 
TOTAL 1053 X = 9.70 X = 4.96 X = 3.23 X = 3.17 X = 6.24 
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2.3). Hpico and total nanoplankton (Tnano) density in Control samples was 
positively correlated with chlorophyll ~ and phaeopigment concentration in the 
surrounding water. This result was expected since Pnano contribute to the 
concentration of pigments in the water and Hpico and Hnano are ultimately 
dependent on primary production for their nutrition. Densities of Hpico and 
Tnano on macroaggregates showed no correlation with pigment concentration of 
the surrounding water. This lack of correlation cannot be explained by 
variable dilution of the macroaggregate sample with the surrounding water 
during collection. A negative correlation is suggested, but the number of 
data points at high pigment concentrations was not sufficient to confirm this 
trend. A lack of correlation between populations in macroaggregates and 
pigment concentration in the surrounding water indicates that microbial 
processes in the aggregates may be independent of processes in the surrounding 
water, and are more dependent on features within the microenvironment (e.g. 
concentration of labile DOM and POM; nutrients regenerated within the 
aggregate matrix). However, the overall contribution of aggregate-related 
processes would ultimately be dependent upon primary productivity, since the 
organisms or processes resulting in aggregate formation are directly or 
indirectly dependent on primary productivity. 
The relative contribution of microorganisms on marine snow particles to 
populations in the surrounding water was determined by calculating enrichment 
factors for each environment (Table 2.3). These factors are a ratio of the 
average density of microorganisms in macroaggregates to their average density 
in the surrounding water. These values indicate the minimal amount of 
enrichment since the aggregate samples unavoidably contained some surrounding 
water. In general, greater enrichment factors were observed for open ocean 
samples. This trend was a combined effect of decreased average density in the 
surrounding water and increased average density in the aggregates. 
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Figure 2.2. Comparison of bacterial (Hpico) abundance as determined by 
epifluorescence microscopy on macroaggregates and in the surrounding water 
with ch1orophyll-~ + phaeopigment concentration in the surrounding water. 
Symbols indicate data from individual cruises. 
(A) Hpico abundance in Control samples plotted versus pigment 
concentration at the same depth. The curve was fitted by eye. 
(B) Hpico abundance in macroaggregate samples plotted versus pigment 

















































Chlorophyll a + Phaeopigments 
(lJg·I-1) 
-69-
Figure 2.3. Comparison of total nanoplankton (Tnano) abundance as 
determined by epifluorescence microscopy on macroaggregates and in the 
surrounding water with chlorophyll-~ + phaeopigment concentration in the 
surrounding water. Symbols indicate data from individual cruises. 
(A) Tnano abundance in Control samples plotted versus pigment 
concentration at the same depth. The curve was fitted by eye. 
(B) Tnano abundance in macroaggregate samples plotted versus pigment 
concentration in the surrounding water at the same depth. 
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Table 2.3. Enrichment factors for picop1ankton, nanop1ankton, and algae greater than 20 pm in macroaggregates 
from surface waters of the North Atlantic. Factors represent the ratio of the averaged density of a population in 
the macroaggregates to its density in the surrounding water. 
NO. OF ALGAE 
LOCATION AGGREGATES HPICO PPICO PNANO HNANO ~m 
CONTINENTAL SHELF 67 3.2 18.7 6.9 17.0 24.2 
SLOPE 523 14.3 43.0 23.2 26.6 267 
WARM CORE RING 71 10.4 19.1 24.3 31.1 19.7 
GULF STREAlI 289 18.7 42.1 67.1 114 1300 I 
" a 
I 
SARGASSO SEA 103 17.9 42.1 57.5 51.5 699 
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Hpico (primarily bacteria) showed the lowest enrichment factors of all the 
populations enumerated. Average Hpico density at the Continental Shelf 
stations was close to its density in the surrounding water (enrichment factor 
= 3.2). In comparison, macroaggregates from all other environments had 
enrichment factors for Hpico which were greater than 10. 
Bacterial morphological types were quite different in macroaggregates and 
surrounding water (Figure 2.4). Bacteria from macroaggregates (Figure 2.4b) 
were generally (but not always) much larger than typical bacteriop1ankton 
(Figure 2.4a). Long, filamentous cells, absent in the bacterioplankton, were 
common in aggregates. These morphological differences have been noted 
previously (Caron et al., 1982). They indicate that the numerical estimates 
of bacteria underestimate the differences in bacterial biomass between Control 
and aggregate samples. 
Ppico (primarily chroococcoid cyanobacteria) was 10-20x less abundant than 
bacteria in macroaggregates (Tables 2.2). However, enrichment factors were 
greater for Ppico than Hpico (Table 2.3). Like the bacteria, enrichment 
factors for Ppico were greater for offshore stations than for Shelf stations. 
Ppico was a very conspicuous component of macroaggregates. This population 
occurred as free-living cells, in fecal pellets and as symbionts (Figure 
2.5). Large numbers of Ppico were often observed in fecal pellets found in 
macroaggregates (Figure 2.5a,b). These microorganisms apparently pass through 
the guts of microcrustaceans without being digested (Johnson et al., 1982). 
The potential benefit of this digestion resistance has been discussed by 
Silver & Alldredge (1981). 
Cyanobacteria also occurred in macroaggregates as the symbionts of a 
number of organisms. Figure 2.5c,d shows the diatom Hemiaulus membranaceus 
which was associated with marine snow (and also in the surrounding water) in 
the Sargasso Sea, Gulf Stream and Shelf environments in February 1982. The 
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Figure 2.4. Epifluorescence photomicrographs of DAPI-stained bacteria in 
a Control sample (A) and a macroaggregate sample (B). Ten ml of sample was 
filtered onto a Nuclepore filter for the Control sample while 0.5 m1 of sample 
was filtered for the macroaggregate sample. Bars = 5.0 pm. 
-72a-
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Figure 2.5. Photomicrographs of cyanobacteria in macroaggregates. 
Transmitted white light (A) and epifluorescence (B) photomicrographs of 
Synechococcus-like cyanobacteria (yellow cells) in a fecal pellet from marine 
snow. Transmitted white light (C) and epifluorescence (D) photomicrograph of 
the diatom Hemiaulus membranaceus with the intracellular cyanobacterium 
Richelia intracellularis. The diatom chloroplasts fluoresce red (due to 
chlorophYll-~) while ~. intracellularis fluoresces yellow (due to 
phycoerythrin). Epifluorescence photomicrograph (E) of chroococcoid 
cyanobacteria from marine snow. Evidence of division planes suggest growth 
within the marine snow microenvironment. Bars = 10 pm. 
- 73a -
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intracellular symbiotic cyanobacterium Richelia intracellularis was found in 
virtually all Hemiaulus cells collected at these locations and was also found 
in association with the diatom Rhizosolenia sp. in these samples. 
Cyanobacteria were also observed as symbionts attached to the cell surface of 
the heterotrophic dinoflagellate Ornithocercus sp •• These symbioses have been 
previously described (Kimor et al., 1978; Taylor, 1982). They exemplify the 
diversity of trophic relationships in which chroococcoid cyanobacteria 
participate. 
Large numbers of cyanobacteria which were not associated with fecal 
pellets or other microorganisms also occurred in the macroaggregates. In many 
cases these cells showed evidence of recent cell division (Figure 2.5e), 
supporting the argument of Silver & Alldredge (1981) that the marine snow 
microenvironment may allow the growth of phototrophs as well as heterotrophs. 
Pnano and Hnano populations in macroaggregate samples were nearly equal. 
This parity was also observed in the Control samples of this study and in 
vertical profiles throughout the North Atlantic (Chapter 1). It was expected 
that Hnano density would greatly exceed Pnano density in the macroaggregates 
because of the large bacterial populations (potential prey) present in the 
aggregates. If grazing pressure is similar for both Pnano and Hnano 
popUlations in the aggregates, then it can be concluded that Pnano and Hnano 
benefit equally by their association with these particles. Enrichment factors 
were similar for Pnano and Hnano (within a factor of approximately two) and 
showed greater values for offshore samples than for Shelf samples. 
Determination of turnover times of Pnano and Hnano must be performed to 
resolve this question. 
Algae > 20 pm showed the highest enrichment factors. Values for these 
microorganisms were much higher in the open ocean then the enrichment factors 
for Ppico or Pnano. This was due in part to the lower density of algae > 20 
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~m in the open ocean, but may also be a result of "pre-inoculation" of 
macroaggregates with algal populations. For example, incurrent filters of 
appendicularia concentrate particles which are larger than the mesh of the 
filter. This activity results in a macroaggregate that already contains a 
high density of these particles when the house is discarded by the animal. 
Since many of the aggregates in the Gulf Stream and Sargasso Sea were 
identified as discarded appendicular ian houses, it is probable that the very 
high enrichment factors for algae> 20 pm can be explained in this way. 
Culture of Bacterivorous Protozoa 
A Most Probable Number (MPN) culture technique was used to estimate the 
density of bacterivorous protozoa in macroaggregates and in the surrounding 
water (Table 2.4). Microflagellates numerically dominated the protozoan fauna 
in all marine snow and Control samples. Out of 720 macroaggregates cultured, 
100% showed positive growth of microflagellates, while 93% and 88% showed 
positive growth of amoebae and ciliates, respectively. The largest volume 
cultured from any macroaggregate sample was 1.0 ml. However, most of these 
aggregates were pooled samples, and the true particle-to-particle variability 
was masked by this sampling procedure. For example, out of 13 particles which 
were collected and cultured individually, 13 contained culturable 
microflagellates while only four contained culturable ciliates or amoebae. 
Ciliates and amoebae can be quite dense when present, however, and this may 
account for their relatively high frequency in pooled samples. 
Microflagellates, on the other hand, appear to be truly indigenous members 
of the aggregate microcommunity. Their density in aggregate samples varied 
-1 greatly (17-23,000 ml ), but they were at least demonstrable in all 
samples. Their occurrence in all macroaggregate samples may be a consequence 
of their ubiqUity in the surrounding water. Out of 78 culture attempts of 
SCUBA-collected Control samples and seawater samples from acid-rinsed Niskin 
Table 2.4. Most Probable Number estimates (no. m1-1) of protozoa in macroaggregates from surface waters of 
the North Atlantic. Ranges appear in parentheses and means (X) for all samples in each water mass are given 
below the ranges. Pooled samples were weighted according to the number of aggregates in the sample for calculation 
of the mean. "lIN" indicates that no positive cultures were obtained at the lowest dilution (theoretical limit of 
detection 0.37 m1-1 ). 
NO. OF MPN MI,-1 
LOCATION AGGREGATES CILIATES FLAGELLATES AMOEBAE 
CONTINENTAL SHELF 67 (1IN-8.59) (17.3-879) (0.37-8.59) 
X = 6.2 X = 381 X = 3.8 
SLOPE 209 (3.72-17.3) (879) (1. 73-85. 9) 
X = 8.5 X = 879 X=21.7 
WARM CORE RING 71 (0.35-3.50) (94.2-415) (0.35-3.50) 
X = 1.9 X = 257 X = 1.9 
GULF STREAM 282 (UN-180) (180-23100) (0.37-180) 
X = 13.2 X = 3180 X = 53.2 
SARGASSO SEA 91 (UN-240) (85.9-10000) (UN-37.2) 
X = 17.3 X = 868 X = 22.0 




bottles (the largest volume cultured from each sample was 100 ml), all 78 
samples showed positive growth of microflagellates with an overall average 
-1 density of 1.7 ml • In contrast, 45 samples (58%) showed positive growth 
-1 
of amoebae with an average density of 0.04 ml in those samples showing 
growth. Only six samples (8%) showed positive growth of ciliates, with an 
-1 
average density of 0.005 ml in those samples showing growth. These 
results suggest that the variability associated with the presence or absence 
of bacterivorous ciliates and amoebae in macroaggregates may be due to the low 
abundance of these protozoa in the surrounding water, and therefore the 
relatively low probability that they will encounter an aggregate. 
Because the MPN culture technique was designed to estimate the number of 
bacterivorous protozoa, it may well have underestimated the total number of 
protozoa by not providing food for herbivorous/carnivorous protozoa. 
Microscopical observation gave ample evidence of herbivory by ciliates in 
macroaggregates (Figure 2.6). Also, taxonomic characterization of ciliates 
found in some of these macroaggregate samples has shown a much higher species 
diversity than can be cultured (Small et al., 1983). Duplicate sets of MPN 
cultures were performed on one macroaggregate sample (four pooled aggregates) 
from the Gulf Stream. Microalgae (Dunaliella tertiolecta and Isochrysis 
galbana) were added to one of these sets. The density of ciliates determined 
for this sample was not different for the two MPN sets, although species 
diversity was higher in the cultures containing algae. These results suggest 
that bacterivorous ciliates dominated the population of culturable ciliates. 
Enrichment factors were determined for the MPN counts of bacterivorous 
protozoa in the macroaggregate samples as they were for epifluorescence counts 
(Table 2.5). These enrichment factors were higher than enrichment factors for 
epifluorescence counts, exceeding four orders of magnitude in two cases. They 
did, however, follow a pattern similar to the epifluorescence counts in that 
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Figure 2.6. Transmitted white light and epif1uorescence photomicrographs 
of three species of ciliates from macroaggregates. A,C and E are phase 
contrast photomicrographs showing cell size and shape. B, D and Fare 
epif1uorescence photomicrographs of auto fluorescent cell contents in these 
ciliates. Red color indicates ingested Pnano in food vacuoles while yellow 
color indicates the presence of chroococcoid cyanobacteria. The green color 
is natural fluorescence from the protozoan cytoplasm. Bars = 10 pm. 
- 78a -
Table 2.5. Enrichment factors for protozoa in macroaggregates from surface waters of the 
North Atlantic. Factors represent the ratio of the averaged density of a population in the 
macroaggregates to its density in the surrounding water. 
NO. OF MPN MI.-I 
LOCATION AGGREGATES CILIATES FLAGELLATES AMOEBAE 
CONTINENTAL SHELF 67 -* 476 413 
SLOPE 209 508 586 
WARM CORE RING 71 273 
GULF STREAM 282 9080 7640 2280 
SARGASSO SEA 91 77400 18400 6190 
(*) indicates that no positive cultures were obtained for the control samples. Therefore 





greater enrichment factors were observed for offshore samples than for Shelf 
samples. The large enrichment factors can presumably be explained by the 
elevated concentrations of picoplankton in the aggregate microenvironment. 
Also, in the case of ciliates and amoebae, densities in the surrounding water 
were extremely low in the open ocean environments. Silver et al. (1978) noted 
enrichment factors >8000 for direct counts of ciliates in macroaggregates. 
Enrichment factors in this study are in agreement with their values. 
Direct counts of ciliates and amoebae were not performed in this study so 
it is not possible to compare the two counting techniques for these 
populations. However, Hnano counts (determined by epifluorescence microscopy) 
and bacterivorous microflagellate counts (determined by the IIPN technique) 
should theoretically yield comparable results (Table 2.6). MPN estimates 
averaged two to three orders of magnitude lower than the direct counts. This 
large discrepancy may have occurred for a number of reasons (Appendix II). 
Direct counts cannot differentiate microflagellates which are herbivorous 
rather than bacterivorous, or microflagellates which are moribund or dead. 
Also, gametes of planktonic protozoa or metazoa may be included in the direct 
counts, but do not function as bacterivores. These factors would result in an 
overestimation of the number of bacterivorous microflagellates by the 
epifluorescence technique. In addition, it is doubtful that all bacterivorous 
microflagellates are culturable. Lack of growth in the IIPN cultures would 
result in underestimation of the number of micro flagellates in a sample. 
There was a noticable difference in the ratio of MPN to direct counts for 
macroaggregate and Control samples (Table 2.6). The ratio for macroaggregate 
samples averaged 38.5x the ratio for Control samples. MPN estimates accounted 
for an average of 5.0% of the direct count estimates in macroaggregates, 
whereas it accounted for only 0.13% of the direct count estimates in Control 
samples. There are several possible explanations for this difference. It is 
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Table 2.6. A comparison of the number of heterotrophic microf1age11ates 
in macroaggregate and Control water samples as shown by the Most Probable 
Number culture technique and by direct (epif1uorescence) counts. This ratio 
expresses the Most Probable Number estimate (MPN) as a percentage of the 
corresponding direct count (DC). 
(MPN x 100):DC 
NO. OF 
SAMPLE TYPE SAMPLES RANGE AVERAGE 
Controls 46 0.002-1.6 0.13 
Macroaggregates 708 0.27-51. 7 5.05 
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possible that macroaggregates are colonized by species of microflagellates 
which are inherently more amenable to culture than species dominating the 
surrounding water. Another possibility is that Control samples simply contain 
a higher percentage of dead or moribund microflagellates than macroaggregates, 
perhaps due to the low bacterial density. An experiment comparing the MPN and 
direct counting techniques on cultured species of microflagellates lends some 
credence to this hypothesis (Appendix II). When microflagellate cultures are 
sampled during log phase growth, the MPN:DC was greater than for a sample 
taken during stationary phase. Microorganisms which were no longer capable of 
growth in the IIPN cultures were still sufficiently intact to be enumerated by 
the direct counting technique. The macroaggregate and Control samples may 
provide an analogy, where macroaggregates contain microflagellate populations 
which are closer to log phase growth than the population in the Controls. 
This reasoning could explain why the MPN and direct count estimates were 
similar in some instances (in one case the MPN estimate was 
50% of the direct count estimate; Table 2.6). An increase in the ratio of the 
MPN estimate to the direct count estimate has been correlated with an 
increasing proportion of picoplankton in the <20 pm plankton (Chapter 1). The 
ratio for macroaggregate samples observed in this study (X = 5.05) was greater 
than the ratio observed for the most eutrophic environment in that study (Lake 
Ontario, X = 1.9). Therefore, prey density, and its resulting effect on the 
nutritional state of the protozoa, may control the relationship between the 
MPN and direct counting techniques. 
Other possible explanations exist, however. Control samples may contain a 
higher proportion of non-phagotrophic microorganisms (e.g. gametes) which 
would not grow in culture. Also, a larger proportion of herbivorous 
flagellates may occur in Control Samples. Herbivory is well-documented among 
heterotrophic dinoflagellates (Figure 2.7; Kimor, 1981), and it has been 
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estimated that the majority of open ocean species of dinoflagellates are 
heterotrophs (Morey-Gaines, in press). 
Colonization Experiments 
Experiments concerning the microbial colonization of structures or 
material released by gelatinous zooplankton suggest that these materials may 
be an important source of macroaggregates. Mucus released by ctenophores 
(Figure 2.8) showed enriched populations (relative to the surrounding water) 
of microflagellates within 2 hr after release, perhaps an indication of 
bacterial growth on the surface of the ctenophore. Ciliates and amoebae were 
present after day 1 and all three protozoan groups reached very high densities 
by day 3. Likewise, bacteria and Tnano were initially enriched on 
appendicularian houses (Figure 2.9) relative to the surrounding water, and 
increased by more than an order of magnitude over a four day period. The 
colonization rate and microbial density on appendicularian houses observed in 
this study agrees with colonization data presented by DavolI (1983). 
Population densities on both of these substrates after three days of 
incubation exceeded densities of these populations observed in most 
SCUBA-collected macroaggregates. Differences in the density of populations 
developing on ctenophore mucus or appendicularian houses in laboratory 
experiments and those on SCUBA-collected marine snow may be due to differences 
in composition of the two substrates, or to the state of colonization of 
SCUBA-collected macroaggregates. Older, more refractory macroaggregates may 
no longer support large numbers of microorganisms. Alternatively, marine snow 
in surface waters may be relatively young and in the early stages of 
colonization, while older, well-colonized aggregates have sunk out of surface 
waters. Cropping of protozoa by zooplankton or dispersion of the populations 
into the surrounding water (either naturally or during sampling) also would 
tend to lower densities on SCUBA-collected aggregates. 
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Figure 2.7. Six species of heterotrophic dinoflagellates from marine 
snow. Note the ingested Pnano in the dinoflagellate in A. Bars = 20 pm. 
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Figure 2.8. Most Probable Number estimates of bacterivorous protozoa 
colonizing mucus released from the ctenophores Leucothea multicornis and 
o Cestum veneris and incubated in 4 1 of unfiltered seawater at 20 C in the 
dark. Symbols connected by solid lines represent microbial densities in 
subsamples of pooled mucus. Symbols labelled "Leu" and "Ces" represent 





























Figure 2.9. Epifluorescence counts of bacteria and total nanoplankton 
colonizing discarded appendicularian houses incubated in 4 1 of unfiltered 
o 
























It is probable that the colonization of newly-formed macroaggregates in 
the field differs from that observed in these simple laboratory experiments. 
However, these results demonstrate the potential for discarded zooplankton 
material to develop dense microbial communities similar to those observed in 
SCUBA-collected aggregates in a relatively short time. 
Carbon-to-nitrogen ratios were also measured on macroaggregates and 
ctenophore mucus (Tables 2.7 & 2.8). Although the ranges observed for 
aggregates and mucus overlapped, C:N was generally lower for mucus than for 
aggregates. However, a sample of mucus analyzed after three days of 
incubation in unfiltered seawater had a carbon to nitrogen ratio nearly twice 
that of freshly-released mucus and closer to values for macroaggregates. 
Macroaggregates and Protozoan Ecology 
The large densities of microorganisms observed on macroscopic detrital 
aggregates in this study presents the possibility of an alternative 
explanation to the planktonic existence of bacterivorous protozoa. These 
populations are so enriched on macroaggregates in some cases (Table 2.5) that 
it is conceivable that all bacterivorous protozoan activity is taking place on 
these particles, and the populations observed in the surrounding water are 
largely a result of individuals sloughed from aggregates. This hypothesis 
seems most plausible with respect to bacterivorous ciliates and amoebae. 
_ Fenchel (1980) has demonstrated that bacterial density in the open ocean is 
probably too low to support ciliate growth. Culturable bacterivorous ciliates 
in the Control samples of this study and vertical profiles throughout the 
North Atlantic (Chapter 1) were exceedingly rare. Also, many of the ciliate 
species which have been observed thus far on macroaggregates are undescribed 
species (Small et al., 1983), suggesting that macroaggregates are a unique 
microenvironment within the plankton. It is possible that bacterivorous 
ciliates rely on relatively long survival times under starvation conditions to 
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Table 2.7. Carbon:nitrogen ratios of mucus released by ctenophores held 
in aquaria. 
NO. OF 
SPECIES SPECIMENS C:N RATIO 
Leucothea 3 3.9-4.0 
multicornis X = 3.9 
Cestum 2 5.4-5.5 
veneris X = 5.4 
Cestum * 1 9.8 
veneris 
*Incubated at 220 C in the dark for 3 days in unfiltered seawater. 
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Table 2.8. Carbon:nitrogen ratios of macroaggregates collected from 
surface water of the North Atlantic. 
NO. OF 
LOCATION AGGREGATES C:N RATIO 
Continental Shelf 27 .. 
X = 11.9 
Gulf Stream 23 7.6-8.3 
X = 7.9 
Sargasso Sea 24 3.6-9.3 
X = 6.6 
.. Pooled sample 
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survive in the plankton (Jackson & Berger, 1984) and that most of their growth 
takes place in discrete microenvironments. Significant amoebae densities have 
been observed in the North Atlantic (Davis et al., 1978), but these protozoa 
were considered to be associated with particles (from observations of 
cultures) or with the neuston. 
There is also some evidence that the distribution of micro flagellates can 
be explained, in part, by their occurrence on particles (Chapter 4). The 
association of flagellates with particles is well known (Fenchel, 1982d). 
Similar results were found in this study (Chapter 4, Figure 4.1). Fenchel 
(1982d) showed that sieving a water sample through a 20 pm screen removed 43% 
of the heterotrophic micro flagellates. 
It is not expected that aggregates can explain the existence of all 
bacterivorous protozoa in the open ocean. There is ample evidence that some 
species of microflagellates are well-suited towards free-living (unattached) 
existence, and can subsist on relatively low densities of bacteria (Chapter 3; 
Fenchel, 1982a). However, it has been shown in this dissertation (Chapter 4) 
that some species of microflagellates are inefficient grazers of unattached 
bacteria but are very efficient at grazing bacteria attached to particles. 
The distribution of the latter species in the plankton may be strongly 
affected by the distribution of particles in plankton communities. 
The situation described above is shown diagramatically in Figure 2.10. 
The distance between bacteria (for randomly distributed bacteria) has been 
plotted versus the density of bacteria. Approximate limits of the benthic, 
neritic and oceanic environments (based on bacterial density) have been 
indicated along a solid line which describes the relationship between 
bacterial concentration and distance between the bacteria. The hypothesized 
distributions of bacterivorous ciliates, amoebae and flagellates are given 
according to this relationship. Bacterivorous ciliates and amoebae are 
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Figure 2.10. Log-log plot of the distance between bacteria (in pm) as a 
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largely benthic organisms, with distributions sometimes extending into neritic 
waters but rarely into oceanic waters. Microflagellates are common in benthic 
and neritic systems, but their activity in the oceanic plankton is still 
largely conjectural. Distributions proposed in Figure 2.10 are based on the 
hypothesis that as bacterial density decreases (and therefore the distance 
between bacteria increases) protozoa must filter a greater volume of water to 
obtain the same amount of energy. A point will eventually be reached at which 
the energetic expense associated with feeding activity is greater than the 
energy obtained by this activity. Fenchel (1980) has used this argument to 
explain why bacterivorous ciliates are largely absent from the open ocean. I 
propose that macroaggregates alter this view of bacterivorous protozoan 
distributions by providing microenvironments of elevated bacterial density in 
an environment where bacteria are relatively scarce (Figure 2.10) thereby 
supporting the growth of ciliates, amoebae and flagellates which require 
relatively high bacterial concentrations. This hypothesis has been verified 
experimentally by Taylor (1978) who demonstrated that the settling of bacteria 
in culture flasks containing bacterivorous ciliates created microzones of 
elevated bacterial density which would support the growth of the ciliates. 
This view of protozoan ecology suggests that macroaggregates are 
essentially "islands" of activity in a desert-like ocean. Trent et al. (1978) 
measured distances between macroaggregates that ranged from 20 to 109 cm. In 
the open ocean this distance assuredly can be greater. If newly-formed 
macroaggregates represent "islands· of food in a desert-like environment, the 
question arises as to how these islands are colonized. It is possible that 
the chemotactic behavior of protozoa may be valuable for finding these 
microenvironments. Such behavior has been demonstrated with cultured protozoa 
(Hauser et al., 1975; Antipa et al., 1983), but the possible ecological 
significance of this behavior remains unknown. Alternatively, the more 
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abundant microaggregates may act as "rafting" material to carry microorganisms 
to and from macroaggregates. 
Studies have shown that colonization of artificial substrata by protozoa 
follows a similar pattern as the colonization of oceanic islands by larger 
organisms (Cairns & Ruthven, 1970; Yongue & Cairns, 1978; Henebry & Cairns, 
1980). Both substratum size and distance from colonized substrata were shown 
to be important factors dictating the colonization of new substrata. If 
macroaggregates are indeed "islands" in a desert, then one can expect that 
particle size and distance from other particles will have important 
implications for protozoan assemblages appearing on the aggregates. 
It is difficult to assess the overall importance of aggregates as an 
explanation for the planktonic existence of protozoa without accurate 
estimates of the densities of aggregates in the plankton. However, this is a 
difficult task because of the continuous spectrum of aggregate sizes from a 
few micrometers to tens of centimeters. There is, at present, no technique 
for enumerating the full range of particles in an environment and 
simultaneously determining what proportion of these particles contain 
microbial populations. Even the smallest microscopic particles can support 
microbial populations (Pomeroy, 1983; Chapter 4, Figure 4.1). Therefore, it 
is not yet possible to accurately estimate the importance of growth on 
aggregates as an explanation for the planktonic existence of protozoa. 
Macroaggregate densities were not estimated in this study. Rather, the 
importance of microorganisms on a per-particle basis was examined. Without 
estimates of the macro- and microaggregate density it is not possible to 
determine the absolute importance of particle-associated protozoa relative to 
free-living microorganisms. 
Other Microenvironments of Plankton Communities 
This study has addressed the potential of macroscopic detrital communities 
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to serve as concentration points for microbial populations. However, several 
other microcommunities exist in plankton communities which also contain mixed 
assemblages of phototrophic and heterotrophic microorganisms. Several algal 
aggregates are known to contain heterotrophic microorganisms. Rhizosolenia 
mats (Carpenter et al., 1977; Alldredge & Silver, 1982) were sampled in the 
Sargasso Sea during this study (Table 2.9). Like marine snow, they contained 
highly enriched populations of bacteria and protozoa. The high C:N ratio for 
these mats observed by Carpenter et al. (1977) might be explained by these 
heterotrophs. Thalassiosira partheneia colonies (Elbrachter & Boje, 1978) 
have also been described (and confirmed during this study) as a complex 
association of the diatom, bacteria, heterotrophic flagellates (predominantly 
dinoflagellates) and ciliates. Both of these aggregate types can be abundant 
in the surface waters of the open ocean. 
Other types of microenvironments also exist. For example, the neuston can 
contain elevated concentrations of dissolved organic matter and microorganisms 
(Norris, 1965; Sieburth et al., 1976; Davis et al., 1978). In addition, a 
number of microbial associations have been described from the pelagic 
environment in which nutrient and energy transfer between the participants are 
tightly coupled both temporally and spatially (Silver et al., 1983). 
Macroaggregates are one of many types of microenvironments in the plankton 
which are characterized by dense assemblages of phototrophic and heterotrophic 
microorganisms. Realization of the importance of these microenvironments in 
the overall function of plankton communities is changing our view of how we 
perceive plankton communities. The paradigm that the ocean is a dilute 
homogeneous environment characterized by slow-growing organisms has been 
questioned (Goldman, in press a & b). It may be replaced by one in which the 
ocean is a heterogeneous environment composed of discrete microenvironments 
inhabited by relatively fast-growing organisms. 
Table 2.9. Average population densities and enrichment factors (density in aggregates vs. 
density in the surrounding water) for two Rhizoso1enia mats collected in the Sargasso Sea, 8/28/81. 
Concentration factors for each populations are given in parentheses below the density. 
EPIFLUORESCENCE COUNTS 
TOTAL 
HPICO NANOPLANKTON MPN ML-1 
x106 mr1 x104 m1-1 CILIATES FLAGELLATES- AMOEBAE 
10.7 15.7 6 3220 120 I 
'" en 
I 
(34.9) (114) (-) (55,600) (2,060) 
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GROWTH OF HETEROTROPHIC MICRO FLAGELLATES 
IN BATCH AND CONTINUOUS CULTURE AND ITS IMPLICATIONS 
FOR THEIR PLANKTONIC EXISTENCE 
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ABSTRACT 
The growth characteristics of three species of bacterivorous 
(bacteria-eating) heterotrophic micro flagellates were examined in batch and 
continuous culture. Monas sp. 1 was fed two species of heterotrophic bacteria 
and two species of chroococcoid cyanobacteria to test their effect on the 
growth rate of the microf1age11ate. The growth rate of the micro flagellate 
was high (doubling times = 6.9-9.6 hr) on three of the food types, but was 
significantly depressed on one of the species of cyanobacteria (doubling time 
= 43 hr). Cell yield was higher when the micro flagellate was fed 
heterotrophic bacteria than when it was fed cyanobacteria. Growth parameters 
of ~ sp. 2 and Cryptobia maris were determined in batch and continuous 
culture. Batch culture was used to establish the maximum growth rate (U ) 
m 
and cell yield at Um' The micro flagellates were then grown at rates less 
than U
m 
in continuous culture using a static bacterial population to achieve 
steady state conditions. The cell yields, half-saturation constants, 
ingestion rates and clearance rates of the two microf1age11ates were 
calculated at U <U based on U (determined in batch culture) and 
m m 
bacterial and protozoan densities at steady state in the continuous culture 
vessels. 
Growth rates of the microf1age11ates were remarkably plastic. 
Microf1age11ate growth was sustained in the continuous culture vessel at 6% 
and 7% of U
m 
for Monas sp. 2 and Cryptobia maris, respectively. These 
growth 
-1 hr • 
-1 
rates corresponded to ingestion rates of 1-2 bacteria flagellate 
Cell yields of the two microf1age11ates growing at U< 
U were comparable to cell yields for the micro flagellates growing at U , 
m m 
suggesting that the maintenance energy required by these microorganisms was a 
small fraction of their total energy budget. Maximum ingestion rates were 
-1 -1 
calculated to be 18 and 5 bacteria flagellate hr for llonas sp. 2 and 
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6 bacteria that will support a growth rate equal to (1/2)U
m
) of lxlO 
bacteria ml-l was observed for Monas sp. 2, suggesting that this species 
could grow on in-situ densities of bacterioplankton. Cryptobia had a lower 
6 -1 
affinity for bacterioplankton (Ks = 5xlO bacteria ml ). A competition 
experiment between Cryptobia and Monas sp.2 conducted at a relatively slow 
-1 growth rate (0.28 day ) in continuous culture confirmed the prediction that 
Monas would outcompete Cryptobia when competing for bacterial food. The 
results of this study support the hypothesis that heterotrophic 




Aquatic bacteria possess the ability to grow very rapidly under favorable 
conditions. Despite this large potential for growth, it has been noted that 
the density of free-living, unattached bacteria in the plankton generally 
varies between relatively narrow limits (Ferguson & Rublee, 1976; Watson et 
al., 1977; Ramsay, 1978). Two contradictory hypotheses can be proposed to 
explain this apparent inconsistency. Bacterial density will remain unchanged 
if the bacteria are not growing. In support of this notion, dormancy has been 
proposed as a common feature of the bacterioplankton (Stevenson, 1978) but 
contemporary views have challenged this hypothesis (Azam et al., 1983). 
Another way of maintaining an unchanging bacterial density is to quickly 
remove bacterial production by grazing. This latter hypot~esis has received 
considerable attention in recent years and protozoa, primarily ciliates and 
heterotrophic microflagellates, have been the primary focus of this attention. 
Numerous protozoan species have a well-documented ability for bacterivory 
and have been repeatedly isolated from the plankton. However, these 
characteristics alone do not indicate that bacterivorous protozoa control 
bacterial density in the plankton. Organisms capable of performing this role 
must be ubiquitous in the plankton, be able to respond rapidly to increases in 
bacterial number, and yet be able to withstand short periods of starvation. 
In addition, they must be capable of grazing bacteria down to relatively low 
densities while maintaining their own growth on those low densities. 
Experimental evidence and field observations suggest that heterotrophic 
microflagellates may meet these criteria while it appears that bacterivorous 
ciliates and amoebae do not. Distribution studies have indicated that 
heterotrophic microflagellates are ubiquitous in plankton communities (Chapter 
1; Davis & Sieburth, 1982; Fenchel, 1982d; Caron, 1983; Sherr et al., 1984; 
Davis et al., submitted) while relatively low densities of bacterivorous 
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ciliates and amoebae have been observed in the plankton (Chapter 1). In 
addition, experimental studies have indicated that greater densities of 
bacteria then are normally present in the plankton are required in order to 
maintain the growth of ciliates (Berk et a1., 1976; Taylor, 1978; Fenche1, 
1980b). Ciliated protozoa have been shown to have definite feeding 
"thresholds·· of bacterial density below which feeding activity does not take 
place (Salt, 1967; Hami1iton & Pres1an, 1970; Berk et a1., 1976; Fenche1, 
Threshold values obtained for laboratory experiments with ciliates 
-1 bacteria m1 ) have generally been higher than densities of 
bacteria in most oceanic plankton communities. Fenche1 (1980b) argued that at 
low bacterial densities (i.e. densities comparable to those found in-situ) the 
energy which ciliates obtained from the bacteria filtered from the water was 
not enough to meet the metabolic costs of the filtering activity. In 
contrast, the information that is presently available for microf1age11ates 
suggests that these thresholds may not exist, or may be lower than in-situ 
densities of bacteria. Therefore, bacterivorous ciliates and amoebae may be 
important in controlling bacterial populations in benthic ecosystems (Fenche1, 
1967) and on organically enriched particulate material in the plankton (Caron 
et a1., 1982; Silver et a1., 1982, 1984), but they are probably not the 
primary grazers of free-living bacteria in the plankton. 
The ability of bacterivorous microf1age11ates to control bacterial 
densities in plankton communities is predicated on their ability to feed on 
relatively low densities of bacteria. The experimental data which are 
presently available concerning the ability of microf1age11ates to graze low 
bacterial densities have been obtained with batch cultures of 
microf1age11ates. Batch culture is useful for determining the maximum 
specific growth rate (U ) and cell yield (y). Food (bacteria) is offered to 
m 
the microf1age11ate at a density sufficient to allow the maximum rate of 
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ingestion (i.e. in excess). The exponential increase in the density of the 
microf1agellate is then used to calculate U
m
• Cell yield is calculated by 
dividing the total microf1age11ate biomass produced by the bacterial biomass 
consumed once the food has been exhausted. 
Batch culture has also been used to measure the growth rates of 
microf1age11ates when food is not in excess. Under these conditions (U< 
U
m
) it has been demonstrated that the specific growth rate of the 
microf1age11ates was dependent on the density of bacteria, and could be 
described by the empirical equation of Monod (1949), 
1 
where U and U are the specific growth rate and the maximum specific growth 
m 
rate, respectively, s is the bacterial concentration, and K is the 
s 
half-saturation constant (i.e. the density of bacteria at which U = 
(1!2)U. The half-saturation constant presumably provides an indication of 
m 
the affinity of the microf1age11ate for the bacteria (i.e. an indication of 
its ability to grow at low bacterial density). Fenche1 (1982b) has 
demonstrated the applicability of the 110nod equation for describing the growth 
of several bacterivorous micro flagellates. 
Experiments where the growth rate is less than U
m 
are difficult to 
perform, however, since they can only be conducted for a short period of time 
at low densities of microf1age11ates. These restrictions are necessary to 
prevent a reduction in the bacterial density due to grazing and thereby a 
change in the growth rate of the microf1age11ate. Because of these 
limitations it is not possible to obtain information directly on ingestion 
rate, cell yield or clearance rate, which in practice are calculated by 
changes in the density of bacteria in the culture vessel. Also, because of 
the short duration of the experiments, it is not possible to test the ability 
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of the microflage11ates to grow for prolonged period at U < Um. 
An alternative method of investigating the growth parameters of 
microf1age11ates at growth rates less than U is continuous culture. If the 
m 
bacterial population used as food is static (i.e. non-growing) and is the one 
factor limiting growth of the microf1age1lates, then the growth of the 
protozoa can be described according to the equations defining the growth of 
bacteria in a chemos tat (Herbert et a1., 1956). Under these conditions the 
density of bacteria and microf1age11ates should approach and maintain a steady 
state. The steady state densities are described by the equation 
2 
which can be rearranged to give 
if = K,,(D) 3 
(Um - D) 
and by the equation 
4 
which can be rearranged to give 
if ~ Y(Sr - if) 5 
where D is the dilution rate of the culture vessel, Sr is the density of 
substrate in the reservoir (i.e. static bacterial population), if and ~ are the 
density of bacteria and protozoa in the culture vessel at steady state, 
respectively, and the other parameters are as previously defined. Equation 1 
differs from equation 2 only in the substitution of D for U. At steady state 
the rate of change of the density of microf1age1lates in the culture vessel is 
zero and thus U must equal D. It is therefore possible to hold the growth 
rate of the microf1age11ate constant at any rate U<U providing there is no 
m 
feeding "threshold" as previously discussed for ciliates. Since D and s in 
equation 2 are directly measurable at steady state and U can be determined 
m 
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from batch culture, Ks can be calculated from equation 2. Cell yield can be 
calculated from equation 4 since X, sand 8
r 
are also directly measurable. 
Cell yield can also be determined in batch culture for micro flagellates 
growing at U and compared to Y obtained at U < U. In addition, it is 
m m 
possible to directly measure the ingestion rate (I) of 
U <: U under steady state conditions (bacteria consumed 
m 
the microflagellates at 
-1 flagellate 
hr-l ) according to the equation 
I = (8 - 8)(0) 
->-=.-=...:::..:....>..::. 
x 
and to meaSure the clearance rate (F) (ml flagellate-l hr-l ) according to 
the equation 




Continuous culture also allows for the growth of the microflagellates at U< 
U for a prolonged period, thus avoiding "acclimatization" problems with 
m 
short-term batch culture experiments. 
The feasibility of the application of continuous culture techniques for 
culturing bacterivorous ciliates has been amply tested (see reviews by Curds & 
Bazin (1977) and Legner (1980)). While most of these investigations have been 
performed with a growing bacterial population, Hamilton and Preslan (1970) 
demonstrated that a static bacterial population could be used to grow the 
ciliate Uronema sp. at steady state. Despite the proven utility of continuous 
culture for protozoa and its potential for investigating growth parameters at 
U < U , attempts have not yet been made to grow bacterivorous 
m 
microflagellates in continuous culture with a similar experimental design. 
The growth parameters of cultured species of heterotrophic 
microflagellates were examined in batch and continuous culture. Batch culture 
was used to test the acceptability of four food species and to measure U
m 
and Y for species to be grown in continuous culture. Two species of 
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microflagellates were then grown in continuous culture at relatively slow 
growth rates using a static population of the bacterium Pseudomonas 
halodurans. Population densities of bacteria and microflagellates at steady 
state were determined and used to calculate various growth parameters 
including cell yields, half-saturation constants, ingestion rates and 
clearance rates. The results support the recent contention that heterotrophic 
microflagellates may be the most important grazers of bacteria in plankton 
communities. 
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METHODS AND MATERIALS 
Experiments were carried out in batch and continuous culture with two 
unidentified species of Monas and with Cryptobia maris. Monas sp. 1 (clone 
#5/80-7) was isolated from Slope Water at the outer edge of the Continental 
Shelf off Cape Cod, Massachusetts. It is a roughly spherical cell, 3.0-4.5 pm 
3 in diameter, with an average volume of 33.5 pm. Monas sp. 2 (clone 
#2/80-2) and Cyptobia maris were isolated from surface waters of Buzzards Bay, 
Massachusetts. Monas sp. 2 is similar in size, shape and volume to Monas sp. 
1. The presence or absence of body scales was not determined with electron 
microscopy and therefore it is possible that these species belong to the genus 
Paraphysomonas (Hibberd, 1979). Cryptobia is a 
pm x 5.5-6.5 pm in size, with an average volume 
teardrop-shaped cell, 
3 
of 41.9 pm. Clonal 
cultures of all species were started by micropipetting individual 
3.5-4.5 
micro flagellates from enrichment cultures prepared by adding sterile rice 
grains to seawater samples. Clones were maintained on a mixed bacterial 
population enriched by periodic transfers to sterile natural seawater with 
0.01% yeast extract. 
Batch Culture Experiments: 
Two experiments were carried out in batch culture. Monas sp.1 was used in 
the first experiment to test the effect of four types of food on the growth 
rate and cell yield of the microflage11ate. Two species of heterotrophic 
bacteria (Pseudomonas ha10durans and Serratia marinorubra) and two species of 
chroococcoid cyanobacteria (Synechococcus Strain WH 7803) and Synechococcus 
Strain WH 8101)) were used as food organisms. P. ha10durans and S. 
3 
marinorubra are rod-shaped species with average cell volumes of 0.72 pm and 
3 0.79 pm ,respectively. The Synechococcus species are also rod-shaped 
3 
organisms with average cell volumes ?f 1.14 pm (clone WH 7803) and 1.04 
3 pm (clone WH 8101). P. ha10durans and S. marinorubra were grown on OZR 
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broth until late exponential phase, centrifuged at 5000 rpm for 10 minutes, 
and then resuspended in natural filter-sterilized seawater without nutrients. 
The resuspended cells were then passed through a 5 pm pore size Nuclepore 
filter to break up clumped cells. The cyanobacteria were grown in SiN media 
(J.B. Waterbury, pers. comm.) and sampled during the exponential growth 
phase. They were centrifuged, resuspended, and filtered as for the 
heterotrophic bacteria. The experiment was carried out with 500 ml of each 
o 
suspension in unshaken Fernbach flasks in continuous darkness at 20 C 
+10. Each flask was thoroughly mixed prior to sampling. Samples were 
preserved with glutaraldehyde at a final concentration of 1%. Densities of 
the food species and the microflagellate were determined by epifluorescence 
microscopy using acridine orange (Watson et al., 1977; Davis & Sieburth, 
1982). The maximum specific growth rate (U
m
) of the microflagellate fed 
each type of food was determined by least squares regression of the linear 
portion of the growth curves. The cell yield (y = microflagellate biomass 
produced per unit of bacterial biomass consumed) for each food was calculated 
as the total biovolume of microflagellates produced (density x average volume 
-1 
cell ) divided by the biovolume of the bacteria consumed. 
The second batch culture experiment was performed to determine Um and 
cell yield (Y) of Monas sp. 2 and Cryptobia maris using f. halodurans as 
food. -1 The bacterium was grown for 24 hr on 50 mg 1 of yeast extract in 
~ ~ 
natural seawater and then 30 mg 1 of streptomycin and 60 mg 1 of 
penicillin were added. Antibiotics were added to maintain consistency with 
the continuous culture procedures (see below). The experiment was conducted 
in Fernbachs at 250 C +0.50 in continuous darkness. The flasks were 
stirred continuously with a magnetic stirrer. Samples were preserved and 
counted as in the previous experiment. Growth rates and cell yields of the 
two micro flagellates were calculated from the growth curves. 
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Continuous Culture Experiments: 
Continuous culture experiments were also carried out with Monas sp. 2 and 
Cryptobia maris. These experiments were modelled after the experiments of 
Hamilton & Pres1an (1970) in which a static (non-growing) bacterial population 
was used to grow the ciliate Uronema sp •• The use of a static bacterial 
population allowed the system to reach steady state, thus avoiding 
oscillations in the density of predators and prey which usually characterize 
systems where bacterial growth is not prevented (Curds, 1971; Curds & Bazin, 
1977). The continuous culture apparatus used for these experiments is shown 
in Figure 3.1. The bacterium Pseudomonas ha10durans was grown for 24 hr on 50 
-1 
mg 1 yeast extract in natural seawater. Antibiotics were then added (30 
mg 1-1 of streptomycin and 60 mg 1-1 of penicillin) to stop bacterial 
growth, and the bacterial reservoir was placed in a water bath at SoC. 
Antibiotics were used to prevent cryptic growth of the bacterium in the 
protozoan culture vessel. This procedure has been successively used by 
Hamilton & Pres1an (1970). Epif1uorescence counts of bacteria in the 
bacterial reservoir in this study did not vary over the course of an 
experiment. However, the average volume of P. ha10durans decreased slightly 
with time, presumably due to respiration. The change in average volume was 
recorded for the calculation of cell yields. The bacterial suspension was 
pumped into a 500 m1 culture vessel containing the microf1age11ates with a 
peristaltic pump and the vessel was continuously mixed by bubbling with 
filter-sterilized air and with a magnetic stirrer. The culture was assumed to 
be at steady state when successive samples taken over a period longer than the 
turnover time of the vessel showed no significant difference in the density of 
the bacterium or microf1age11ate. 
Experiments were carried out at three dilution rates for each of the two 
microf1age11ate species. The density of the microf1age11ates and the 
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Figure 3.1. Continuous culture apparatus used to grow the 
microflagellates Monas sp. 2 and Cryptobia maris. Pseudomonas halodurans was 








































bacterium were monitored until the vessels reached steady state. The 
densities of both populations at steady state were then used to calculate the 
cell yield (y) according to equation 4, the half saturation constant (K ) 
s 
according to equation 2, the ingestion rate per flagellate per unit time (I) 
according to equation 6, and the clearance rate per flagellate per unit time 
(F) according to equation 7. 
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RESULTS AND DISCUSSION 
Effect of Food ~~ Growth~: 
The results of the batch culture experiment to determine the effect of 
four food types on the growth of Monas sp. 1 (Figure 3.2 and Table 3.1) 
indicate that food species greatly affected the growth of this 
microflagellate. All four food species supported the growth of Monas, but the 
doubling time of the microflagellate varied by a factor of 6.2 and cell yield 
varied by a factor of 9.7. Numerous studies have shown that food quality has 
a significant effect on the growth of bacterivorous ciliates (Taylor & Berger, 
1976; references cited in Curds & Bazin, 1977; Alonso et al., 1981). Similar 
results have been noted with herbivorous ciliates (Rubin & Lee, 1976; Stoecker 
et al., 1981). Sherr et a1. (1983) observed that the growth of a species of 
Monas fed four species of heterotrophic bacteria varied by a factor of 2.7 
with different foods. The growth rate of Monas sp. 1 in this study was 
comparable for the two species of heterotrophic bacteria tested (U = 2.4 and 
-1 2.0 day). Good growth was also observed for Monas fed Synechococcus 
Strain \VH 7803 (U = 1.7 day-1). Johnson et al. (1982) have noted that a 
species of Synechococcus was sufficient to maintain the growth of the 
microflagellate Actinomonas for more than one year. Caron et a1. (Appendix V) 
noted the presence of chroococcoid cyanobacteria in the food vacuoles of 
heterotrophic microf1agellates from the surface waters of Lake Ontario. 
Unlike its growth on the heterotrophic bacteria and Synechococcus Strain 
WH 7803, the growth of Monas fed Synechococcus Strain WH 8101 was relatively 
-1 
slow (U = 0.39 day). The volume of this species was similar to the 
Synechococcus Strain WH 7803, sO cell size cannot explain the poor growth of 
the microflagellate on Strain WH 8101. However, Synechococcus Strain IVH 8101 
contains a different pigment composition than Strain WH 7803. Curds & Bazin 
(1977) noted that several studies have shown that pigmentation of 
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Figure 3.2. Growth curves of Monas sp. 1 fed two species of heterotrophic 
bacteria and two species of chroococcoid cyanobacteria. 
(II) Serratia marinorubra 
(.) Pseudomonas ha10durans 
(~) SynechococCUB Strain WH 7803 
(~) SynechOCOcCUB Strain WH 8101 
5 
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Table 3.1. Growth rates doubling times and cell yields of the 
microflagellate Monas sp. 1 grown on two species of heterotrophic bacteria and 
two species of chroococcoid cyanobacteria. 
Growth Doubling Cell 
Food Rate Time Yield 
Sj!ecies (da;t:-l) (hr) (%) 
Serratia 2.42 6.9 56 
marinorubra 
Pseudomonas 1. 96 8.5 68 
halodurans 
Synechococcus 1. 74 9.6 7 
Strain WH 7803 
S:i!!:echococcus 0.39 42.7 31 
Strain WH 8101 
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heterotrophic bacteria can affect the acceptability of bacteria as food for 
protozoa. Highly pigmented bacteria have been shown to be toxic to some 
ciliates. It is possible that some of the unacceptability of Strain 8101 and 
the acceptability of Strain In! 7803 may be explained by differences in their 
photosynthetic pigment composition. 
The cell yields of ~ sp. 1 fed the four food types (Table 3.1) 
indicate that heterotrophic bacteria were converted to micro flagellate biomass 
more efficiently than were cyanobacteria. Cell yields for Monas fed 
heterotrophic bacteria are slightly higher than has been observed for other 
microf1age11ates (range = 20-49%; Kopy1ov et a1., 1980; Fenche1, 1982b; Sherr 
et a1., 1983) but are within the range of values observed in studies with 
ciliates (range = 37-78%; Curds & Bazin, 1977). Sherr et a1. (1983) noted 
that the yield of a species of l!onas was temperature dependent. The highest 
yield in that study (49%) was observed at 23.SoC (compared to 2SoC in the 
present study). The culture temperature may therefore explain the high yields 
observed in the present study for Monas sp. 1 feeding on heterotrophic 
bacteria. Cell yield was not inversely correlated with the growth rate as was 
observed by Sherr et al. (1983). 
Batch and Continuous Culture of Microf1age1lates: 
The second batch culture experiment was carried out with Monas sp. 2 and 
Cryptobia maris fed K. ha10durans in order to determine the maximum specific 
growth (U
m
) and the cell yield at U
m 
(Figure 3.3 and Table 3.2). This 
experiment was carried out with antibiotics present in the culture flasks to 
remain consistent with the continuous culture procedure. The use of 60 mg 
-1 -1 1 penicillin and 30 mg 1 streptomycin to stop bacterial growth did not 
affect the growth of the microf1age1lates. Maximum growth rates observed in 
batch cultures without antibiotics were virtually identical to growth rates in 
cultures with antibiotics. The growth rates of the two micro flagellate 
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Figure 3.3. Growth curves for Monas sp. 2 and Cryptobia maris fed 























Table 3.2. Growth parameters of Monas sp. 2 and Cryptobia maris in 
batch culture. 
INITIAL I1AXIMID1 
GROwrH DOUBLING BACTERIAL FLACELLATE CELL 
RATE TIME DENSITY DENSITY YIELD 
SPECIES (day-I) (hr-l ) (no. mrl) (no. ml-l ) (%) 
Monas 4.40 3.78 5. 82xl07 6.02xl05 48 
sp. 2 
C:aEtobia 1.00 16.6 5. 82xl07 6.04xl05 61 
maris 
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species employed in this experiment were quite different (U = 1.0 and 4.4 
-1 day), despite the fact that both species feed predominantly on 
bacterioplankton (confirmation for this mode of nutrition for Cryptobia is 
given in Chapter 4). Cell yields for both species in batch culture were 
high. These yields suggest that a considerable portion of the energy 
contained in bacterioplankton may be converted to microflagellate biomass in 
plankton communities. 
The growth parameters of Monas sp. 2 and Cryptobia maris grown in 
continuous culture at three growth rates less than U
m 
are shown in Table 
3.3. Steady states were obtained with both species at growth rates as slow as 
6% and 7% of U
m
' respectively. These rates correspond to doubling times of 
59 hr and 238 hr. This indicates a remarkable plasticity in the growth rate 
of these microflagellates. Fenchel (1982b) has noted a similar ability for 
Ochromonas. Ochromonas was shown to be able to maintain a growth rate which 
-1 
was approximately 15% of U (U = 0.67 day ; doubling time = 24 hr). 
m 
The plasticity observed for the growth rates of microflagellates may be an 
adaptation which enables them to endure rapid temporal changes in food 
abundances in the plankton. Diel cycles in bacterial production have been 
suggested for natural bacterial populations (Sieburth et al., 1977; Hurney et 
al., 1982). This pattern of bacterial growth would result in alternating 
periods of high and low prey abundance for bacterial grazers. The ability of 
microflagellates to survive at a wide range of growth rates may allow them to 
keep pace with rapid bacterial growth when it takes place, and withstand 
near-starvation conditions in the absence of bacterial growth. 
Previous studies have noted that at least some bacterivorous ciliates will 
cease feeding if the bacterial concentration falls below a critical 
"threshold" concentration (Salt, 1967; Hamilton & Preslan, 1970; Herk et al., 
1976; Fenchel, 1980a). This behavior is presumably a mechanism to conserve 
Table 3.3. Gro,rrh and feeding parameters of Monas sp. 2 and Cryptobia maris in continuous culture. 
BACTF..RIA PROTOZOA MAXII1UI1 MAXIMUM 
LUTION PERCENT AT STF..ADY AT STEADY INGESTION INGESTION FILTRATION FILTRATION 
RATE OF STATE STATE YIELD Ks RATE RATE RATE RATE 
ay-l) pm (no. ml-l ) (no. ml-l ) (%) (bac ml-l ) (bac flag-l hr-l ) (bac flag-l hr-l ) (ml flag-l hr-l ) (ml flag-l hr-l ) 
.28 6 6.04xlO4 3. 69xlOS 37 8.9xlOS 1.S 24 2.4xlO-S 2.7xlO-S 
.73 17 2.l9xlOS S.40xlOS S3 1.lxl06 2.7 16 1.2xlO-S 1.SxlO-S 
.39 32 S.29xlOS S.13xlOS S2 1.lxl06 S.l IS 1. OxlO-S 1.4xlO-S 




.07 7 3. 27xlOS 6.93xl04 9 4.3xl06 1.8 2S 1.0xlO-S 1.0xlO-S 
.28 28 2.06xl06 4. 94xlOS 6S S.3xl06 1.0 3.6 4.8xlO-7 6.8xlO-7 
.37 37 2.70xl06 4.04xlOS 56 4.6xl06 1.6 4.3 5.9xlO-7 9.3xlO-7 
X 4.7xl06- x-4.0* X 8.lxlO-7;t 
hese averages were based only on the data from trial at p = 0.28 day-l and Jl = 0.37day-l. Results from the trial at 
= 0.07 day-l were omitted because of the possibility of bias due to wall growth (see text). 
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energy in oligotrophic environments, and has been proposed as one explanation 
for the near absence of bacterivorous ciliates from the open ocean plankton 
(Fenchel, 1980b). Feeding thresholds were not observed for the 
microflagellates in this study. Steady states (i.e. constant and sustained 
growth) were observed at all dilution rates tested, and the bacterial 
densities established at these dilution rates were generally as low as 
bacterial densities observed in-situ. The lowest bacterial densities were 
4 ~ 5 ~ 6.04x10 bacteria m1 for Monas and 3.27xlO bacteria m1 for 
Cryptobia. The latter density is characteristic of bacterial densities 
observed in epipelagic open ocean communities while the former value is 
characteristic of the aphotic open ocean (Chapter 1). If feeding thresholds 
exist for these microflagellates, they are at levels less than the densities 
of bacteria normally observed in plankton communities. These results suggest 
that microflagellates are capable of reducing bacterial density to levels 
observed in-situ, and are capable of maintaining their growth at those low 
food abundances. 
The density of bacteria in the continuous culture vessels was dependent on 
the growth rate of the microflagellates in the vessel (Table 3.3). Bacterial 
density at steady state decreased as the growth rate of the microflagellates 
(i.e. dilution rate) decreased. These results suggest relatively low growth 
rates of microflagellates in open ocean plankton communities and faster rates 
inshore. However, it is not possible to extrapolate these results directly to 
plankton communities because of differences in the average size of cultured 
bacteria and natural populations. Natural bacterial assemblages are 
characterized by cells of considerably smaller volumes than that of P. 
halodurans (Watson et al., 1977). In addition, food type also affects the 
growth rate of microflagellates (Figure 3.2 and Table 3.1) and the effects of 
a mixed diet on the growth of microflagellates are unknown. 
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Half-saturation constants (Ks) were calculated from equation 2 for each 
dilution rate tested for both microf1age11ates (Table 3.3). This calculation 
assumes that the Monod equation adequately describes the growth of the 
microf1age11ates (Fenche1, 1982b). The three values of K for each 
s 
microf1age11ate at different dilution rates agree reasonably well (X = 
6 -1 - 6 -1 1.0xlO bacteria m1 for Monas and X = 4.7x10 bacteria m1 for 
Cryptobia). This agreement indicates that growth of the micro flagellates is 
adequately described by the Uonod equation. The Ks for Monas sp. 2 
indicates a potential for relatively rapidly growth at in-situ densities of 
bacteria. A growth rate of 2.2 day-1 could be maintained by a bacterial 
6 -1 population equivalent to 1.0xlO P. ha10durans m1 • This value is 
comparable to the lowest K calculated for several micro flagellate species 
s 
by Fenche1 (1982b). The growth potential of Cryptobia at low bacterial 
density was less than that for Monas. A bacterial density equivalent to 
6 -1 -1 4.7x10 ~. ha10durans m1 would support a growth rate of only 0.5 day • 
Cell yields of Monas and Cryptobia grown in continuous culture at growth 
rates greater than 10% of U
m 
were similar to cell yields observed for the 
microf1age11ates growing at U in batch culture. These results confirm the 
m 
observations of Fenche1 (1982b) and Sherr et al. (1983) that "maintenance 
energy" requirements for microf1age11ates are a relatively small fraction of 
the total energy budget. Low cell yields were observed when microf1age11ate 
growth rates were less than 10% of Um due to the low densities of 
microf1age11ates at steady state during these trials. It can be seen from 
equation 5 that the steady state density of microf1age11ates is dependent only 
on Sr and s since Y is relatively unchanging. However, the density of 
-1 Cryptobia in the culture vessel at U = 0.07 day (7% of Um) was nearly an 
order of magnitude lower than its density at higher growth rates and the 
-1 density of ~ at U = 0.28 day (6% of Um) was only 73% of its density 
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at higher growth rates. Microflagellates were attached to the walls of the 
culture vessel in all experimental trials, but attachment was greater at the 
lowest dilution rates tested. Wall growth was insignificant in the trials 
where the dilution rate was greater than 10% of Um• It is suspected that an 
enhancement of microflagellate attachment at a U less than 10% of U coupled 
m 
with the very slow input of food may explain the low cell yields observed in 
these trials. Nonetheless, half-saturation constants calculated for both 
microflagellates grown at a growth rate less than 10% of U were in 
m 
agreement with Ks values observed at higher growth rates. Average cell 
volumes of the microflagellates grown in continuous culture were not 
significantly different for the three growth rates tested, but were less than 
the volumes of the microflagellates grown in batch culture at U
m 
(average 
volumes of Monas and Cryptobia in continuous were approximately 70% of their 
volumes in batch culture at U
m
). The cell volume of P. halodurans also 
decreased somewhat as the experiment proceeded. Cell yields at steady state 
were based on volumes of protozoa and bacteria at individuals steady states. 
One advantage of continuous culture is that ingestion rates (bacteria 
-1 -1 
consumed flagellate hr ) can be measured directly at steady state from 
equation 6. Ingestion rates measured in this way were determined at each 
dilution rate (Table 3.3). They indicate that microflagellates can sustain 
~ ~ their growth at ingestion rates as low as 1 bacterium flagellate hr 
In contrast, other studies have shown that microflagellates can consume 
~ ~ 
several hundred bacteria flagellate hr (Kopylov et al., 1980; Davis, 
1982; Fenchel, 1982b). 
-1 ~ and U = 0.07 day 
-1 Ingestion rates calculated at U = 0.28 day for 
for Cryptobia were higher than ingestion rates at 
slightly higher growth rates. This result is presumably an artifact caused by 
the lower microflagellate densities observed in these trials (due to 
attachment of microflagellates at the lowest growth rates). 
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The maximum ingestion rate of the micro flagellates can be calculated from 
the measurable parameters at steady state using the equation 
I = 1m _-=-s--::_ 
s + Ks 
8 
Values calculated in this manner are generally lower than maximum ingestion 
rates obtained in other studies which have employed batch culture. For 
-1 -1 
example the value 1m = 18 bacteria flagellate hr calculated for 
Monas sp. 2 in this study was an order of magnitude less than values obtained 
by Fenche1 (1982d) and 
maximum ingestion rate 
Davis (1982) for species of Paraphysomonas. The 
-1 -1 for Cryptobia (1m = 4 bacteria flagellate hr ) 
was lower than any other values in those studies (I calculated for 
m 
-1 Cryptobia at U = 0.07 day was not considered because of the possible 
artifact incurred by wall growth (see above). The lower ingestion rates 
observed in this study are due in part to the different size and growth 
characteristics of the microf1age11ates employed. Sherr et a1. (1983) 
-1 -1 
measured a range of ingestion rates of 10 to 75 bacteria flagellate hr 
for a species of Monas which was similar in size to Monas sp. 2. The 
minimum doubling times and the corresponding cell yields of Monas sp. 2 and 
Cryptobia maris in batch culture (3.8 hr and 48%, and 16.6 hr and 61%, 
respectively) suggest that ingestion rates of bacteria by microf1age11ates 
growing at U
m 
should be on the order of 25 and 5.8 bacteria f1age11ate-1 
-1 hr for ~ and Cryptobia, respectively. This rough approximation of 
I was determined using the equation 
m 
where Vpro and Vbac are the average cell volumes of the microf1age11ates 
and bacteria, respectively, and DT is the microf1age11ate doubling time. 
9 
Therefore, 1m estimated from the batch culture experiment agrees reasonably 
well with the I calculated from the continuous culture data. 
m 
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Clearance rates (F, measured in m1 f1age11ate-1 hr-1) and maximum 
clearance rate (F ) were also calculated for each of the continuous culture 
m 
trials based on equation 7 for F and on the equation of Fenche1 (1982b) for 
Fm (Table 3.3). Observed clearance rates for the two microf1age11ates were 
near the calculated F at the slowest growth rates tested due to low 
m 
bacterial density in these trials. Clearance rates decreased with increasing 
bacterial density at steady state, an observation which has been previously 
noted (Davis, 1982). 
Competition Experiment: 
The results of the batch culture and continuous culture experiments 
indicate that Monas sp. 2 has a greater U and lower K than Cryptobia 
m s 
~. These characteristics suggest that Monas has a competitive advantage 
for existing on a diet of i. ha10durans based on both growth rate and 
substrate affinity, and should always outcompete Cryptobia when the abundance 
of P. ha10durans is the sole factor limiting growth of both species (see 
Harder et a1., 1977; Figure 4a). The results of the competition experiment 
support this hypothesis (Figure 3.4). The continuous culture vessel 
-1 
containing Cryptobia at steady state (U = 0.28 day ) was inoculated with a 
small amount of the Monas culture. Monas grew rapidly and reached a maximum 
density that was similar to its density in the continuous culture vessel with 
-1 Monas alone growing at 0.28 day • Its growth coincided with a decrease in 
the density of bacteria 
5 -1 present (5x10 m1 ) to 
from the steady state value when only Cryptobia was 
4 ~ 
a density of 6x10 m1 • This density was 
equivalent to bacterial density observed in the continuous culture vessel with 
-1 
only Monas growing at 0.28 day at steady state. The density of Cryptobia 
decreased exponentially following inoculation of the culture with Monas. 
Linear regression of this decrease showed a correlation coefficient of 0.99 
and a slope of -0.45 day-1 instead of -0.28 day-1 (the dilution rate). 
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Figure 3.4. Competition experiment between Monas sp.2 and Cryptobia maris 
-1 performed in continuous culture at a dilution rate of 0.28 day • A culture 
vessel containing Cryptobia at steady state was inoculated with Ilonas at time 
zero. 
(~) Cryptobia maris 
(~) Monas sp. 2 


































































-1 Cryptobia disappeared from the vessel at a rate which was 0.21 day in 
excess of the dilution rate. This disappearance was presumably due to 
starvation of Cryptobia in the culture vessel. The reduction in the bacterial 
density due to the grazing activities of Monas may have resulted in poor food 
capture by Cryptobia, resulting in a rate of disappearance which exceeded the 
dilution rate. 
The faster growth rate and lower Ks of Monas relative to Cryptobia 
should allow it to outcompete Cryptobia when unlimited food is present (i.e. 
when growth rates are maximal) and also when food is scarce (due to its lower 
Ks )' This competitive superiority was shown in the competition experiment 
between the two microflagellates (Figure 3.4) run at a relatively slow growth 
rate. From these results it is difficult to envision how Cryptobia can 
maintain itself in the plankton if Monas and Cryptobia compete for the same 
food source. One possible explanation is that Cryptobia is capable of 
withstanding starvation conditions better than Monas. A Most Probable Number 
culture procedure was performed on these two species during exponential 
growth, early stationary growth and late stationary growth (Appendix II; Table 
AII.2). The density of viable Cryptobia decreased more slowly than the 
density of Monas, indicating a superiority of Cryptobia to 110nas in its 
ability to withstand starvation conditions. Therefore, a selective advantage 
for Cryptobia may exist where periodic hiatuses in the food supply occur. 
Alternatively, other factors may explain the planktonic existence of 
Cryptobia. Other bacterial species may alter the growth rate and Ks 
relationships between Monas and Cryptobia, or feeding selectively by the 
microflagellates in nature may reduce or eliminate competition between them. 
The importance of these factors awaits further study. Finally, the 
competition experiment was artificial in the sense that the bacterial 
population was unchanging (non-growing). It has been demonstrated 
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mathematically that coexistence of two protozoan populations competing for the 
same bacterial population can occur if the bacteria are growing. Coupled with 
the complicating factors of prey selectivity and starvation resistance, the 
coexistence of Monas and Cryptobia seems possible. 
Impact of Microflagellate Grazing: 
Several studies have attempted to estimate the impact of grazing by 
heterotrophic microflagellates on bacterioplankton populations by 
extrapolating the results of laboratory experiments. These studies are 
summarized in Table 3.4. -1 Ingestion rates (bacteria consumed flagellate 
-1 hr ) determined in batch cultures were multiplied by the observed density 
of heterotrophic microflagellates (usually assumed to be equivalent to the 
density of heterotrophic nanoplankton; see Chapter 1) and then divided by the 
density of bacteria in the same environment to yield an estimate of the amount 
of water filtered by the microflagellate population each day. Based on this 
rate of removal of bacterioplankton, a minimum doubling time of the 
bacterioplankton population was calculated (i.e. the amount of growth which is 
required to ensure that the bacterial density remains constant). Clearance 
rates of microflagellates and minimum bacterial doubling times were also 
calculated based on the results of this study. Ranges of 5xl05 to 2xl06 
-1 2 3 -1 bacteria m1 and 5xlO to 2xlO micro flagellates ml were chosen to 
represent an environmental gradient from neritic to open ocean conditions 
(Chapter 1). A range of ingestion rates were then calculated for a population 
of micro flagellates having growth characteristics similar to Monas sp. 2 or 
Cryptobia maris (Table 3.3). These rates were then used to calculate a range 
of clearance rates and the reSUlting minimum doubling times for the bacterial 
population. Values calculated in this way (Table 3.4) indicate that a 
population of microflagellates with feeding characteristics similar to 
Cryptobia would have a very small effect on bacterial growth (1-3% of the 
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Table 3.4. Ranges of the estimated clearance rates of microflagellate 
populations in-situ and the resulting minimum doubling times of 




Linley et al. (1983) 
Present study 
(based on the growth 
of Monas) 
Present study 
(based on the growth 
of Cryptobia) 
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water cleared day). However, if the population has growth characteristics 
similar to Monas, 14-29% of the water would be filtered daily. This 
corresponds to doubling times of 57 to 119 hr for the bacterial population. 
The clearance rates and bacterial doubling times calculated using the 
growth parameters of ~ sp. 2 fall within the range of values determined by 
Fenche1 (1982d), but are considerably lower than values calculated by Linley 
et a1. (1983) and Davis (1982). However, Linley et a1. (1983) employed the 
maximum ingestion rates observed by Fenche1 (1982d) to determine grazing 
rates. In-situ bacterial density presumably would not support these maximal 
rates and consequently they may have overestimated the bacterial growth rate. 
Davis (1982) calculated ingestion rates of microf1age11ates feeding on 
actively growing bacterial populations in batch culture. It is possible that 
methodological differences between that study and the present one may account 
-1 for his high clearance rates (120-720% day). Alternatively, the food 
organism chosen in that study (a Vibrio species) may support faster ingestion 
rates than the bacteria used as food in this and other studies. The ingestion 
rates estimated by Davis (1982) for a variety of bacterial densities ranging 
from estuarine to open ocean conditions (50-210 bacteria consumed 
-1 -1 flagellate hr ) exceed 1m calculated for both species in this study. 
Continuous culture provides an alternative to batch culture for the 
examination of growth parameters of bacterivorous heterotrophic 
microf1age11ates at growth rates less than U
m
• Attainment of steady state 
conditions using a static bacterial population allows the determination of the 
half-saturation constant, cell yield, and ingestion rate. In addition, the 
ability of microf1age11ates for sustained growth at growth rates less than 
U can be examined. However, batch culture still provides the only way of 
m 
determining the maximum specific growth and the cell yield at U. The 
m 
combined use of these culture techniques can provide valuable information 
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concerning the growth characteristics of bacterivorous protozoa, and may be 
the most appropriate manner to evaluate the feeding behavior and growth 
parameters of these microorganisms. 
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CHAPTER 4 
GRAZING OF ATTACHED BACTERIA 
BY HETEROTROPHIC MICRO FLAGELLATES 
-140-
ABSTRACT 
Several investigations have noted that heterotrophic microflagellates are 
often associated with particulate material in the plankton. These studies, 
and observations of the feeding activities of microflagellates in culture 
suggested that these bacterivorous protozoa may be capable of grazing bacteria 
attached to particles. Four species of microflagellates were examined for 
their ability to graze attached and unattached bacteria. The species tested 
displayed pronounced differences in their ability to graze Pseudomonas 
halodurans attached to chitin particles. Two species (Monas sp. and Cryptobia 
maris) were capable of grazing unattached bacteria, but showed no ability to 
graze attached or aggregated cells. In contrast, Rhynchomonas nasuta and Bodo 
nanorensis showed marked preferences for attached and aggregated bacteria but 
a very limited ability to graze unattached cells. The density of attached 
bacteria was reduced by an order of magnitude due to grazing by these species 
of microflagellates. These results imply that the pelagic existence of 
microflagellates which graze attached bacteria may be strongly linked to the 
distribution of suspended particles and their associated bacteria. 
Furthermore, removal of attached bacteria by microflagellates may 
significantly affect the density of bacteria attached to particles in the 
plankton. Thus, the results also have implications for the controversy 
concerning the importance of attached and free-living bacteria in the plankton. 
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INTRODUCTION 
This study was designed to attempt to determine the importance of 
particles for the pelagic existence of microflagellates. Previous work 
(Chapter 2; Caron et al., 1982; Fenchel, 1982d; DavolI, 1983; Pomeroy, 1983) 
has documented the existence of large numbers of heterotrophic 
microflagellates on microscopic and macroscopic detrital particles (Figure 
4.1). Microflagellate densities on these particles have been shown to exceed 
their densities in the surrounding water by more than four orders of magnitude 
(Chapter 2; Caron et al., 1982). These observations suggested that 
microflagellates might be using bacteria attached to particles as a food 
source. These microorganisms have a well-documented ability to graze 
unattached bacteria (Chapter 3; Haas & Webb, 1979; Davis, 1982; Davis & 
Sieburth, 1982; Fenchel, 1982b) but their ability to graze bacteria attached 
to particles has not been adequately addressed. 
It is possible that microflagellates associated with surfaces simply use 
these particles as an attachment site and actually graze unattached cells. 
Fenchel (1982a) has suggested that some species attach in order to make more 
efficient use of flagellar movements used to create feeding currents. While 
this behavior cannot be ruled out as an explanation for the affinity of 
microflagellates for surfaces, microscopical observations have suggested to me 
that grazing on attached bacteria may be a partial explanation for their high 
abundance on particles. Several species of microflagellates which I have 
successfully cultured are poor swimmers but are quite mobile on solid surfaces 
where they appear to actively search these surfaces with a side-to-side 
sweeping motion of their flagella. This behavior has suggested that these 
surface-associated species of microflagellates might be adapted for exploiting 
bacterial populations attached to surfaces. This ability might explain in 
part the highly elevated densities of these protozoa in macroscopic detrital 
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Figure 4.1. Epif1uorescence photomicrographs of primu1in-stained 
heterotrophic microf1age11ates associated with microaggregates in a seawater 
sample from the Sargasso Sea. Arrows show the location of microf1age11ates. 
-142a-
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aggregates (Chapter 2; Caron et a1., 1982). 
Another consideration for this behavior of microf1age11ates involves the 
implications which grazing of attached bacteria has for research dealing with 
bacterial attachment in aquatic environments. Controversy has existed for 
over 40 years concerning the importance of attachment for bacteria in aquatic 
environments. Work by Zobe11 (1943) and others demonstrated that surfaces 
enhanced the growth of bacteria in an aqueous environment. Since then, 
investigators have attempted to experimentally demonstrate and theoretically 
explain this phenomenon. It has been suggested that in a dilute aqueous 
environment surfaces create microzones which are conducive to bacterial growth 
due to the adsorption of organic material. The more dilute the environment, 
the more important these microenvironments would become and the greater the 
benefit of attachment (Wangersky, 1977; Stevenson, 1978). This theory has 
been demonstrated experimentally. Jannasch and Pritchard (1972) showed that 
the addition of non-nutritive particles to low-nutrient cultures of bacteria 
resulted in significant attachment by bacteria and yielded bacterial density 
that was higher than in cultures without added particles. The authors 
concluded that the attachment of bacteria to particles in oligotrophic waters 
should be beneficial to bacterial growth since the organic materials adsorbed 
to particles in these waters would result in a more pronounced nutrient 
gradient than in nutrient-rich waters. In support of this argument, other 
experimental studies have demonstrated a greater metabolic activity for 
attached Pseudomonas cells relative to unattached cells (Fletcher, 1979), and 
an enhanced ability for attachment and survival of Vibrio cells during 
starvation (Dawson et a1., 1981; Kje11eberg et a1., 1982). 
Despite these results, field observations have provided conflicting data 
on the relative importance of attachment for the growth and survival of 
planktonic bacteria. Numerous studies have demonstrated that the density or 
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biomass of bacteria attached to particles in the plankton is a small 
percentage of the total bacteria (Hobbie et al., 1972; Wiebe & Pomeroy, 1972; 
Jannasch, 1973; Burnison, 1975; Linley & Field, 1982). In addition, several 
investigations have demonstrated a decreasing importance of attached bacteria 
relative to unattached cells along a transect from a eutrophic environment to 
an oligotrophic environment (Hanson & Wiebe, 1977; Bell & Albright, 1981; 
Sieburth & Davis, 1982). This trend is the direct opposite of that predicted 
by theory. Contrary to the results of these studies, other investigators have 
indicated that attached bacteria rather than unattached cells may at times 
dominate the bacterial population in the plankton (Jones & Jannasch, 1959; 
Seki, 1970, 1971; Paerl, 1975; Goulder, 1977; Rieman, 1978; Wilson & 
Stevenson, 1980; Bent & Goulder, 1981). Furthermore, attached bacteria are 
often larger than unattached cells thus increasing their importance (Ferguson 
& Rublee, 1976; Zimmerman, 1978; Pedros-Alio & Brock, 1983). 
Activity measurements have been no less confusing. Several studies have 
shown that most microheterotrophic activity is associated with water passing a 
1.0 urn filter, presumably an indication of the importance of free-living 
(unattached) bacteria (Williams, 1970; Derenbach & Williams, 1974; Azam & 
Hodson, 1977; Berman & Stiller, 1977; Cole & Likens, 1979; Jordan & Likens, 
1980; Schleyer, 1981). Nonetheless, activity of attached bacteria on a "per 
cell" basis appears to be greater than that of unattached bacteria (Taga & 
Matsuda, 1974; Wiebe & Smith, 1977; Harvey & Young, 1980; Kirchman & Mitchell, 
1982; Paerl & Merkel, 1982; Pedros-Alio & Brock, 1983). 
This controversy (attachment vs. non-attachment) has clearly focused on 
the process of attachment for enhancing the growth of bacteria as the major 
factor affecting the density of bacteria attached to particles in the 
plankton. Very little consideration has been given to the possibility that 
the density of attached bacteria may be regulated in part by factors other 
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than growth. However, the summed field results seem to suggest that particle 
attachment may indeed be beneficial for bacterial growth, but that other 
factors limit their numbers on particles and are thus responsible for the 
contradictory nature of the field results. It has been proposed that grazing 
by bacterivorous organisms may limit the density of bacteria attached to 
particles in the plankton (Sieburth, 1976; Azam & Hodson, 1977; Schleyer, 
1981; Pedros-Alio & Brock, 1983), but consideration has only been given to the 
role which coarse filter-feeding zooplankton play in this process (Sorokin, 
1971). Fenche1 and Jorgensen (1977) noted a decrease in the number of 
bacteria colonizing detrital particles in the presence of protozoa but the 
causative agent was not determined. 
Four species of microf1age11ates were examined in this study for their 
ability to graze bacteria attached to chitin particles in an effort to explain 
the high densities of heterotrophic microf1age11ates on detrital particles in 
the plankton and their potential for affecting bacterial density on those 
particles. Two of the four species tested efficiently grazed R. ha10durans 
attached to particles but were unable to effectively graze unattached 
bacteria. It is concluded from this work that species of microf1age11ates 
exist which are dependent on attached bacteria for their growth, and which in 
turn are capable of significantly affecting the density of bacteria attached 
to particles. 
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METHODS AND MATERIALS 
Heterotrophic microflagellates were enriched in seawater samples from 
Buzzards Bay and from seawater samples and marine snow samples collected in 
sterile syringes by divers in the Sargasso Sea by adding sterile rice grains 
to these samples to provide an energy source for the natural bacterial flora. 
Clonal cultures of microflagellates were obtained by micropipetting individual 
flagellates from the enrichments to flasks containing sterile natural seawater 
and 0.01% yeast extract. Successively cloned microflagellates were maintained 
on a mixed bacterial flora by periodic transfer to sterile natural seawater 
with 0.01% yeast extract. 
Four species of microflagellates were studied. Two of the four species 
employed in this study (Monas sp. and Cryptobia maris) have previously been 
shown to efficiently graze unattached bacteria (Chapter 3). The other two 
species were chosen because they showed high affinity for surfaces in 
cultures. It was hoped that these species might encompass the range of 
different feeding behaviors of the species which I presently have in culture. 
Monas sp. (clone #2/80-2) is a small colorless chrysomonad. Electron 
microscopy has not been performed on this species to determine the presence or 
absence of body scales. Therefore, this flagellate may be a species of 
Paraphysomonas (Hibberd, 1979). Genera within the Order Chrysomonadida have 
shown a marked ability to graze unattached bacteria (Chapter 3; Davis, 1982; 
Fenchel, 1982b; Sherr et. al., 1983). The cell is spherical, 3.0-4.5 pm in 
diameter, with 2 emergent flagella. The long flagellum (9.0-11.0 pm) is 
anteriorly oriented and is used for locomotion. The short flagellum is 
2.0-4.0 pm in length and is usually difficult to see with light microscopy. 
-1 Monas sp. swims rapidly and smoothly at 80-120 pm sec ,usually in a 
looping pattern. Species from this order numerically dominated enrichment 
cultures prepared from seawater samples from the open ocean (see Chapter 1). 
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The remaining three species used in this study are all kinetop1astid 
flagellates. In comparison to Monas in seawater samples, kinetop1astid 
flagellates often (but not always) dominated the protozoa enriched from 
macroscopic detrital aggregates collected from the open ocean (see Chapter 2). 
Rhynchomonas nasuta Klebs 1892 is a roughly ellipsoidal cell 4.0-5.0 ~m 
long and 2.0-3.0 ~m wide. The genus is distinguished by the presence of a 
distinctive proboscis which is the site of ingestion of bacteria (Te1kova, 
1964; Burze11, 1973). The emergent flagellum is posteriorly oriented and is 
apparently not used for locomotion. This species is a poor swimmer, moving 
forward very slowly with a jerky motion of the proboscis. However, it moves 
quite easily and rapidly along surfaces due to the side-to-side sweeping 
motion of the proboscis. The emergent flagellum maintains contact with the 
surface and acts as a skid. 
Bodo nanorensis Davis 1982 was described by Davis (1982) from Narragansett 
Bay, Rhode Island. It is a small, bif1age1lated kidney bean-shaped bodonid 
flagellate 3.5-4.5 pm long and 2.0-3.0 pm wide with one flagellum anteriorly 
oriented (3.0-5.0 ~m in length) and one posteriorly oriented (7.0-10.0 ~m in 
length). Like R. nasuta, this species is a poor swimmer but is quite capable 
of moving along a surface. Locomotion is due to the activity of the anterior 
flagellum. On surfaces this flagellum sweeps from side to side and the cell 
moves forward with a jerky motion. The trailing flagellum acts as a skid. 
Cryptobia maris. is also bif1age11ated with one anteriorly oriented 
flagellum (7.0-10.0 pm in length) which is largely responsible for its 
locomotion, and one posteriorly oriented flagellum which is attached to the 
cell along the length of the body. This latter flagellum extends 4.0-5.0 pm 
beyond the end of the cell and is used as a skid when the cell is in contact 
with surfaces. The flagellate is teardrop-shaped, 3.5-4.5 pm wide and 5.5-6.5 
pm long. This species was described by Davis (1982) from the Sargasso Sea, 
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Gulf Stream and Narragansett Bay, Rhode Island and is unique in that it is 
shows good locomotion both in water and along surfaces. Its swimming speed is 
-1 10-20 pm sec Movement in the water and along surfaces is due to the 
action of the anterior flagellum. 
The bacterium Pseudomonas halodurans was used to test the ability of the 
micro flagellates to graze suspended bacteria and bacteria attached to 
particles. Purified chitin (P-L Biochemicals, Milwaukee, WI) was used as a 
source of particles. Chitin chips were ground in a Polytron tissue grinder 
(Brinkman Instruments, Westbury, NY), sieved through a 40 ~m mesh screen and 
caught on a 20 pm mesh screen. All grinding and sieving was performed dry. 
2 This procedure yielded predominantly sheet-like particles of 400-1600 ~m • 
P. halodurans was cultured in 1000 m1 of aged natural sewater in Fernbach 
fla k d f di i Fi 50 1-1 of dd d s s un er our con tons. ve or mg yeast extract was a e 
-1 
to two flasks each. Chitin particles were added to one of the 5 mg 1 and 
50 mg 1-1 flasks at a concentration of 2-3x103 particles ml-l • The 
flasks were sterilized and then inoculated with P. halodurans. The cultures 
o 
were placed on a rotary shaker (100 r.p.m.) at 20 C in the dark for 6 days. 
-1 Antibiotics were then added to each flask at a concentration of 60 mg 1 
-1 penicillin and 30 mg 1 streptomycin to stop bacterial growth. The four 
treatments were then split into four equal parts and each aliquot was 
inoculated with one of the four microflagellates species. The flasks were 
placed back on the rotary shaker at 200 C in the dark. 
Samples were taken periodically and counted for unattached and attached 
bacteria and microflagellates. Samples were preserved with filtered 
glutaraldehyde at a final concentration of 1.0%. Bacteria and 
microflagellates were enumerated by the acridine orange epifluorescence 
technique (Watson et al., 1977). Unattached bacteria were counted on 0.2 pm 
pore size pre-stained Nuclepore filters (Hobbie et al., 1977). Attached 
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bacteria were counted on 5.0 pm pore size Nuclepore filters. Stained 
preparations were rinsed with approximately 2 m1 of filtered distilled water 
to remove unattached cells. Bacteria attached to each particle were counted 
and this number was doubled to account for bacteria on the side of the 
particle facing the filter. Since most particles were flat sheets this 
procedure provided a good estimate of the number of bacteria per particle. 
Microflagellates were counted on 0.8 pm pore size Nuclepore filters. The 
number of microflagellates situated on particles was also counted, and this 
number was doubled as for the attached bacteria. 
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RESULTS AND DISCUSSION 
The ability of the four microflagellate species to graze attached and 
unattached bacteria is shown in Figures 4.2 and 4.3 which shows the 
concentration of attached and unattached bacteria in the culture vessels 
~ ~ 
containing chitin and 5 mg 1 or 50 mg 1 yeast extract. The initial 
7 ~ density of unattached bacteria was approximately 5xlO ml in the 50 mg 
1-1 vessel and 4xl06 ml-l in the 5 mg 1-1 vessel. The density of 
5 
attached bacteria was similar in both vessels at approximately 6-8xlO 
-1 
ml • The density of attached bacteria was determined by counting the 
number of bacteria per particle and multiplying by the number of particles 
-1 
ml • Initial bacterial densities in culture vessels without chitin 
particles were indistinguishable from initial densities in vessels with chitin 
particles. The coefficients of variation for counts of attached bacteria, 
unattached bacteria and protozoa were 54%, 11% and 15%, respectively. The 
large coefficient of variation for the counts of attached bacteria was due 
2 largely to the variable size of the particles (400-1600 pm sheets). The 
density of attached bacteria was similar in the 5 mg 1-1 and 50 mg 1-1 
vessels and was always less than the density of unattached bacteria initially 
due to the limited attachment space on the particles. 
It is clear from Figures 4.2 and 4.3 that the Monas sp. and Cryptobia 
maris showed a marked ability to graze unattached bacteria but no ability to 
graze attached bacteria. As previously mentioned, other chrysomonads have 
been shown to efficiently graze free-living bacteria (Davis, 1982; Fenchel, 
1982b; Sherr et al., 1983). The species of Monas used in this study reduced 
5 ~ the density of unattached bacteria to 4-5xlO ml in vessels containing 
chitin particles. Attached bacteria became an important portion of the total 
number of bacteria in these vessels due to the removal of unattached cells by 
microflagellate grazing. 
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Figure 4.2. Density of bacteria in the two culture treatments with chitin 
particles in the presence of protozoan grazing. ect) Unattached bacteria in 
the 50 mg 1-1 + chitin vessel. e~) Attached bacteria in the 50 mg 1-1 + 
chitin vessel. -1 ell) Unattached bacteria in the 5 mg 1 + chitin vessel. 
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Figure 4.3. Density of bacteria in the two culture treatments with chitin 
particles in the presence of protozoan grazing. (It) Unattached bacteria in 
the 50 mg 1-1 + chitin vessel. (4)) Attached bacteria in the 50 mg 
-1 
chitin vessel. (II) Unattached bacteria in the 5 mg 1 + chitin 
vessel. -1 (~) Attached bacteria in the 5 mg 1 + chitin vessel. 
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Cryptobia'also reduced the density of unattached K. halodurans. This 
species underwent a relatively long (6-7 days) lag before initiating 
exponential growth and attained a slower maximum specific growth rate than 
Monas sp •• This behavior resulted in a delay in the decrease of bacterial 
numbers in Figure 4.3b. The density of unattached bacteria was reduced to 
5 ~ 6-l6xlO ml at the end of the sampling period whereas the density of 
attached bacteria remained unchanged. 
In contrast to Monas and Cryptobia, Rhynchomonas nasuta and Bodo 
nanorensis both showed an ability to graze K. halodurans attached to chitin 
particles. Rhynchomonas (Figure 4.2b) reduced the number of attached bacteria 
~ ~ 
to a lower density in the 5 mg 1 vessel than in the 50 mg 1 vessel. 
-1 The density of attached bacteria in the 5 mg 1 vessel reached a minimum of 
3xl04 ml-l • In the 50 mg 1-1 vessel the number of attached bacteria 
decreased steadily but had not reached a plateau by the end of the sampling 
period. The slower decrease in the density of attached bacteria in the 50 mg 
-1 1 vessel may be a result of the attachment of bacteria from the large pool 
of unattached cells. The density of unattached bacteria in the 5 mg 1 -1 
6 6 ~ 
vessel decreased from 3xlO to lxlO bacteria ml during the 
experiment. It is possible that grazing of Rhynchomonas directly on 
unattached bacteria can account for this decrease. However, a more likely 
explanation is the adsorption or attachment of bacteria to surfaces, and 
subsequent grazing of these newly attached bacteria. This hypothesis is 
supported by the observation that the much denser concentration of unattached 
-1 bacteria in the 50 mg 1 vessel was not effectively grazed by Rhynchomonas. 
The density of attached bacteria was also reduced by Bodo (Figure 4.3a). 
The densities of attached bacteria reached similar minima (8xl04 bacteria 
-1 
ml ) in both vessels after 4-5 days of grazing. The number of attached 
-1 bacteria subsequently increased in the 50 mg 1 vessel, presumably a 
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combined result of adsorption or attachment of bacteria and the cessation of 
protozoan growth observed at this time. The increase in the number of 
attached bacteria in this vessel is an indication that attachment of bacteria 
from the large pool of unattached cells was taking place. The density of 
-1 
unattached bacteria decreased in the 5 mg 1 vessel as with Rhynchomonas, 
but direct utilization of unattached bacteria by the micro flagellate is 
unlikely since this species was also unable to effectively graze the high 
-1 density of unattached bacteria in the 50 mg 1 vessel. 
The density of attached bacteria is shown in Figure 4.4 as the number of 
-1 bacteria particle in the culture vessels containing chitin particles. 
Initial densities of attached bacteria ranged from 86 to 550 bacteria 
-1 particle with average density being approximately 200 to 350 bacteria 
-1 particle • The efficiency of Rhynchomonas and Bodo at removing bacteria 
from the chitin particles is shown by the decreases in the density of attached 
cells. Bacterial density in the 5 mg -1 vessel reduced to 10-30 1 was 
bacteria -1 particle which roughly corresponds to 1-3 bacteria per 100 2 pm 
of particle surface area. These densities are commensurate with the densities 
of bacteria observed on particles in water samples from a number of 
environments (Fenchel & Jorgensen, 1977; Kirchman & Mitchell, 1982). 
-1 Bacterial densities on particles in the 50 mg 1 vessels were not as 
severely impacted by Rhynchomonas and Bodo grazing. As previously mentioned, 
this was probably due to replacement of the grazed cells by newly attached 
bacteria. 
The results described thus far are shown qualitatively in epifluorescence 
photomicrographs of chitin particles at the time of inoculation with Bodo, and 
two days and four days after inoculation (Figure 4.5). Microflagellates were 
abundant on particles at day 2 and had significantly affected bacterial 
density. Particles were nearly devoid of bacteria following four days of 
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Figure 4.4. The density of bacteria attached to chitin particles in the 
presence of micro flagellate grazing expressed as the number of bacteria per 
particle. 
Monas = Monas sp. 
Cryp. = Cryptobia maris 
Bodo = Bodo nanorensis 
Rhyn. = Rhynchomonas nasuta 
'~,r--------------------------------------- ,if r• --------------------------------------, 
5 mg .1- 1 + chitin 50 mg· I-I + chitin 
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Figure 4.5. Epif1uorescence photomicrographs showing the grazing of 
bacteria attached to chitin particles by the heterotrophic microf1age11ate 
Bodo nanorensis. A.) Attached bacteria at the time of inoculation with !. 
nanorensis. B.) Attached bacteria and microf1age11ates after two days of 
grazing. C.) Chitin particles after four days of micro flagellate grazing. 
Particles are nearly devoid of bacteria. 
-15 6a-
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flagellate grazing. Microf1age11ate density had also begun to decrease by the 
fourth day. 
The percentage of microf1age11ates associated with (i.e. situated on) 
particles was recorded during the epif1uorescence counts (Figure 4.6). These 
percentages may significantly underestimate the affinity of microf1age11ates 
for particles since microf1age11ates may have become dislodged during sample 
preparation. Nevertheless, there is a clear trend for particle association 
with Rhynchomonas and Bodo. -1 Even in the 50 mg 1 vessels where unattached 
bacteria are nearly two orders of magnitude more abundant, a relatively large 
proportion of the population of these two flagellates were observed on 
particles. Rhynchomonas showed a steady increase in the percentage of 
individuals on particles up to a maximum of 65-75% and remained stable at that 
maximum. Bodo showed the opposite trend with 65-75% of the individuals 
associated with particles shortly after inoculation, decreasing to 20-30% and 
then increasing somewhat over the course of the experiment. Densities of 
Monas and Cryptobia on particles remained fairly low throughout the experiment 
(generally < 25%). 
Growth of the four microf1age11ate species in the four culture treatments 
(5 mg 1-1 and 50 mg 1-1 yeast extract, with and without chitin particles) 
is shown in Figures 4.7 and 4.8. Monas (Figure 4.7a) and Cryptobia (Figure 
4.8b) showed no significant increase in the growth rate or the maximum 
population density obtained due to the presence or absence of chitin 
particles. -1 Maximum abundances of micro flagellates in the 5 mg 1 vessels 
with and without chitin were one order of magnitude less than the maximum 
-1 
abundances in the 50 mg 1 vessels for these species. This result reflects 
the differences in the density of unattached bacteria between the 5 mg 1-1 
-1 
and 50 mg 1 vessels. Maxima of microf1age11ate abundances for these two 
species coincided with minima of the number of unattached bacteria. 
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Figure 4.6. Percentage of protozoa occurring on chitin particles as shown 
by epifluorescence microscopy. 
Monas = Monas sp. 
Cryp. = Cryptobia maris 
Bodo = Bodo nanorensis 
Rhyn. = Rhynchomonas nasuta 
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Figure 4.7. Growth of the microf1agel1ates Monas sp. and Rhynchomonas 
nasuta on Pseudomonas ha10durans grown at two concentrations of yeast extract 
-1 -1 C5 mg 1 and 50 mg 1 ) and in the presence and absence of chitin 
particles at these concentrations. 
C,r) 5 mg 1-1 yeast extract 
c.) 5 mg 1 -1 yeast extract + chitin 
C.) 50 mg 1 -1 yeast extract 
C.) 50 -1 + chitin mg 1 yeast extract 
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Figure 4.8. Growth of the microf1age11ates Bodo nanorensis and Cryptobia 
maris on Pseudomonas ha10durans grown at two concentrations of yeast extract 
(5 mg 1-1 and 50 mg 1-1) and in the presence and absence of chitin 
particles at these concentrations. 
(Y) 5 mg 1 -1 yeast extract 
(&.) 5 mg 1 -1 yeast extract + chitin 
(.) 50 mg 1 -1 yeast extract 
(e) 50 -1 + chitin mg 1 yeast extract 
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Growth of Rhynchomonas (Figure 4.7b) and Bodo (Figure 4.8a) differed 
markedly from that observed for Monas and Cryptobia. Rhynchomonas showed 
similar growth rates and reached similar maximum densities in all four 
treatments. Therefore, growth of this species cannot be correlated directly 
with the density of unattached bacteria or with the presence of chitin 
particles. It is possible that growth on the walls of the culture flasks may 
explain this pattern. The density of unattached bacteria decreased slightly 
-1 in the 5 mg 1 vessels, but grazing of microflagellates directly on 
unattached bacteria is unlikely since the density of unattached bacteria in 
-1 the 50 mg 1 vessels did not decrease, and did not result in a greater 
maximum abundance of microflagellates. 
The growth rate and maximum abundance of Bodo were similar in all 
-1 treatments except the vessel containing 50 mg 1 yeast extract without 
chitin. Maximum abundance in the latter treatment was less than growth in the 
other treatments. Maxima in the abundance of Bodo in the treatments with 
chitin particles were observed at the same time as minima in the abundance of 
attached bacteria (Figure 4.3a). -1 Growth of Bodo in the 5 mg 1 vessel 
without chitin particles was correlated with the disappearance of aggregated 
bacteria in this vessel. Approximately 50% of the bacteria in the 5 mg 1-1 
vessels without chitin occurred in aggregates of approximately 10-200 bacteria 
-1 
aggregate • Aggregated cells in this treatment were poorly grazed by Monas 
and Cryptobia but they were reduced below the limit of detection (4xl04 
-1 
m1 ) within three days by Bodo and Rhynchomonas. The cessation of growth 
for Bodo in this treatment coincided with the disappearance of aggregated 
-1 
cells. Significant aggregation was not observed in the 50 mg 1 vessel 
without chitin and the growth of Bodo in this vessel was less than growth 
observed in the other treatments. 
The two types of micro flagellate feeding behavior observed in this study 
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are summarized in Figure 4.9. This Figure compares changes in the density of 
-1 bacteria and protozoa in the 50 mg 1 vessels with chitin particles for 
Monas sp. and Bodo nanorensis. Monas showed a rapid increase in its density 
with a concomitant decrease in the abundance of unattached bacteria. 
Protozoan density reached a maximum and then decreased rapidly as the 
5 ~ bacterial density reached a minimum of 6xlO bacteria ml • The number of 
attached bacteria remained unchanged. In contrast, the increase in the 
density of Bodo coincided with a decrease in the density of attached bacteria, 
-1 
even though the absolute number of attached bacteria ml was nearly two 
orders of magnitude less than the number of unattached bacteria. The maximum 
density of Bodo occurred as the number of attached bacteria reached a 
minimum. Unlike Monas, the Bodo population did not drop precipitously after 
reaching a maximum. It is hypothesized that the popUlation was sustained by 
attachment of bacteria from the large pool of unattached cells. 
The ecological implications of these two feeding strategies are 
exemplified by a comparison of growth of Monas sp. and Bodo nanorensis in the 
-1 treatments containing 5 mg 1 yeast extract and chitin particles or 50 mg 
-1 1 yeast extract without chitin particles (Figure 4.10). Monas had a 
maximum population density that was an order of magnitude greater in the 50 mg 
1-1 vessel without chitin (because there were lOx as many unattached 
bacteria present in this treatment). In contrast, Bodo reached a maximum 
-1 population density in the 5 mg 1 vessel with chitin that was 6x greater 
-1 
than its density in the 50 mg 1 without chitin. The presence of particles 
(and their attached bacteria) allowed more growth of the micro flagellate 
despite the lower total bacterial density. 
The results of this study may have important implications for microbial 
populations in plankton communities. The ability of some microflagellate 
species to graze attached bacteria may explain the affinity of these 
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Figure 4.9. Changes in the density of micro flagellates and bacteria in 
-1 the culture vessels containing 50 mg 1 yeast extract and chitin particles 
for the microflagellates Monas sp. and Bodo nanorensis. 
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Figure 4.10. Growth of Monas sp. and Bodo nanorensis on Pseudomonas 
-1 halodurans grown on 5 mg 1 yeast extract in the presence of chitin 
-1 particles or on 50 mg 1 yeast extract in the absence of chitin particles. 
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populations for particles. Microflagellate densities which are highly 
elevated relative to densities in the surrounding water have been observed on 
macroscopic (Caron et al., 1982; DavolI, 1983) and microscopic (Figure 4.1; 
Pomeroy & Johannes, 1968; Fenchel, 1982d; Pomeroy, 1983) detrital particles. 
These high densities may be explained in part by growth of microflagellates on 
attached bacteria. The pelagic existence of these species of micro flagellates 
may in turn be explained by their association with suspended particles. Bodo 
nanorensis and Rhynchomonas nasuta showed a limited ability to graze 
unattached cells. It is doubtful that these species could compete 
successively with species such as Monas for unattached bacteria in the open 
ocean (see Chapter 3). Rather, their growth is probably linked to their 
existence on particles in the plankton. Therefore, the distribution of 
particles which provide a surface for bacterial attachment, and the extent of 
colonization of these particles by bacteria, may be important factors for the 
pelagic existence of these surface-associated species of microflagellates. 
The importance of heterotrophic microflagellates as consumers of 
unattached bacteria is now well-recognized (Chapter 3; Haas & Webb, 1979; 
Davis, 1982; Fenchel, 1982 b; Sieburth & Davis, 1982; Azam et al., 1983). 
Their activity as bacterial grazers is such that they have been proposed as 
the main factor controlling the density of suspended bacteria in the 
plankton. Very little consideration has been given to the possibility that 
they may also be able to reduce the number of attached or aggregated 
bacteria. In fact, the converse is true. Studies have shown that in the 
presence of microflagellates which are capable of grazing unattached bacteria, 
the relative importance of attached or aggregated bacteria increased due to 
the removal of unattached/unaggregated cells (Gude, 1979; Robertson et al., 
1982). Similar results were observed in this study (Figure 4.2a and 4.3b). 
However, the results of this study also suggest that in the presence of 
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certain surface-associated species of microf1age11ates the density and 
activity of attached bacteria might also be affected by the grazing of these 
protozoa. The densities of bacteria remaining attached to chitin particles 
following exposure to microf1age11ate grazing were similar to bacterial 
densities which have been observed on particles collected from a variety of 
aquatic environments (Fenche1 & Jorgensen, 1977; Kirchman & Mitchell, 1982). 
Thus it is possible that microf1age11ate grazing could account for the 
generally low densities of bacteria attached to particles in the plankton. 
It is not intent of this study to suggest that grazing by heterotrophic 
microf1age11ates is the only factor affecting the density of bacteria on 
particles in the plankton. Other important considerations may include the 
density of particles in the plankton, the age of the particles (which will 
determine the degree of colonization), the chemical composition of the 
material, grazing by larger zooplankton, and also physical processes such as 
sedimentation. Also, the results do not provide information on the ability of 
microf1age11ates to graze bacteria which are attached by specialized 
structures or secretions such as stalks, muci1agenous materials or fimbraie. 
However, this investigation has demonstrated that microf1age11ate grazing 
should at least be considered as a potential explanation to conflicting field 
data on the importance of attached bacteria. 
This predator-prey relationship complicates the already confused issue of 
the importance of attachment for bacterial growth in plankton communities. If 
attachment is an important survival tactic for bacteria, then the density of 
attached bacteria must be a balance between attachment and growth of bacteria 
on one hand and removal by protozoan grazers on the other hand. Thus the 
importance of bacteria attached to particles relative to free-living bacteria 
in the plankton is a dynamic situation dictated by the relative contribution 
of these processes at a particular place and time. 
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IUcrof1age11ates were shown to selectively graze attached bacteria in this 
study even in the presence of a dense population of unattached bacteria. This 
behavior may be energetically more efficient for these species since attached 
bacteria may provide microenvironments of elevated bacterial biomass in 
comparison to free-living bacterial biomass. The importance of these protozoa 
in plankton communities requires clarification. 
-168-
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CHAPTER 5 
SELECTIVE GRAZDm AND SURVIVAL TIMES 
OF ACARTIA TONSA ON PHYTOPLANKTON 
AND HETEROTROPHIC MICROFLAGELLATES 
-175-
ABSTRACT 
The acceptability of heterotrophic microf1age11ates as a food source for 
the ca1anoid copepod Acartia tonsa was tested in survival and selective 
grazing experiments. Survivorship of A. tonsa offered two species of 
microf1age11ates was comparable to survivorship of copepods offered two 
species of algae and was greater than survivorship of starved Controls or 
copepods offered bacteria. Filtration rates of copepods offered heterotrophic 
microf1age11ates and algae in mixtures of similar density or biomass were 
generally comparable. Both mechanistic and behavioral selectivity were 
suggested by the feeding activities of the copepods. It is concluded that 
heterotrophic microf1age11ates may represent an important trophic link between 
bacteriop1ankton and this ca1anoid copepod. Microf1age11ates may constitute a 
significant fraction of the food of this copepod in areas where nanop1ankton 
dominate the plankton community or where phytoplankton are rare (e.g. below 
the photic zone), but the absolute contribution of these protozoa to the diet 
of A. tonsa is dependent upon the relative abundance of microf1age11ates to 
other autotrophic and heterotrophic microorganisms. 
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INTRODUCTION 
Bacterivorous protozoa have traditionally been credited with two roles in 
plankton communities. First, they prevent the buildup of bacterial biomass 
and stimulate bacterial degradation of non-living organic material thus 
ensuring the remineralization of nutrients vital for primary productivity. 
Second, they convert bacterial biomass into animal biomass making it available 
to filter-feeding zooplankton and thereby providing a mechanism for the 
recovery of energy from the detrital food chain to the conventional 
phytoplankton-copepod-fish food chain. While the role of protozoa in nutrient 
regeneration has received considerable attention in recent years (see reviews 
by Stout, 1980; Taylor, 1982; Goldman, in press), their importance as a link 
between the detrital food chain and the conventional plankton food chain has 
not been adequately addressed. 
Interest in the protozoa as remineralizers has been nurtured by early 
reports which suggested that protozoa grazing on bacteria increased the 
decomposition rates of detritus and resulted in elevated rates of nutrient 
regeneration (Johannes, 1964; 1965). However, high cell yields (conversion of 
food biomass into consumer biomass) have also been observed for bacteria and 
protozoa. Cell yields of 50-95% have been observed for bacteria growing on 
natural substrates (summarized by Williams, 1981) ,and cell yields of 37-78% 
for ciliates (summarized by Curds & Bazin, 1977) and 20-68% for 
microflagellates (Chapter 3; Kopylov et al., 1980; Fenchel, 1982b; Sherr et 
al., 1983) have been observed for protozoa growing on bacteria. These results 
suggest that a significant fraction of the energy contained in detrital 
material is not directly reduced to dissolved nutrients and carbon dioxide, 
but is converted to protozoan biomass. This protozoan biomass is then 
available to zooplankton capable of capturing these microorganisms. 
The necessity of protozoa as a trophic link between bacteria and 
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herbivorous or omnivorous copepods has been obscured by the potential for the 
direct utilization of bacterial biomass by zooplankton, and the meager 
information presently available on this topic (see Poulet, 1983, for review). 
Ingestion of bacterioplankton has been demonstrated for a larvacean 
(Hollibaugh et a1., 1980; King et a1., 1980) and a freshwater c1adoceran 
(Peterson et a1., 1978) which possess the capabilities for removing very small 
particles from suspension. In addition, the ingestion of aggregated bacteria 
has been suggested as a mechanism whereby copepods may graze directly on 
bacterial populations in the plankton (Seki & Kennedy, 1969; Sorokin, 1971; 
Rieper, 1978). Despite this evidence for ingestion of bacteria by 
zooplankton, it seems unlikely that bacteria contribute significantly to the 
diet of most copepods. Unattached/unaggregated bacteria are generally smaller 
than the particle sizes retained by most copepods. Furthermore, ingestion of 
bacteria by zooplankton does not necessarily indicate the ability of 
zooplankton to obtain nutrition from the ingested biomass. For example, the 
"protozoan link" has been suggested as an essential factor for the utilization 
of chroococcoid cyanohacterial biomass by calanoid copepods (Johnson et al., 
1982) due to the apparent inability of these zooplankton to digest 
cyanobacteria (Silver & Alldredge, 1981; Johnson et al., 1982). Similarly, 
Seki (1964) obtained poor growth of the brine shrimp Artemia on a diet of 
bacteria, but obtained excellent growth when a heterotrophic dinoflagellate 
(Oxyrrhis) was added. Addition of another protozoan (Uronchia) allowed 
cultivation of Artemia to the adult stage (Seki, 1966). These observations 
suggest that a protozoan intermediate may be necessary for the utilization of 
bacterial biomass by at least some zooplankton. 
Several investigators have now concluded that bacterivorous protozoa form 
a potentially important trophic link between bacteria and herbivorous or 
omnivorous copepods (Berk et al., 1977; Porter et al., 1979; Conover, 1982; 
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Azam et al., 1983). This conclusion is based on a number of studies which 
have documented the ingestion of protozoa by copepods (Seki, 1964, 1966; 
Hamilton & Preslan, 1969; Zillioux, 1969; Pavlovskaja & Pechen, 1971; Berk et 
al., 1976, 1977; Heinle et al., 1977; Porter et al., 1979; KleinBreteler, 
1980; Kopylov et al., 1981; Rieper & Flotow, 1981; Robertson, 1983). Most of 
these studies have examined the removal of ciliates or large (> 20 um) 
flagellates from suspension. However, recent work has indicated that 
heterotrophic microflagellates may be the primary grazers of bacterioplankton 
(Chapter 3; Davis, 1982; Fenchel, 19R2b; Sieburth & Davis, 1982). 
Heterotrophic microflagellates constitute a significant fraction of the 
biomass of nanoplankton populations (Chapter 1; Fenchel, 1982d; Davis et al., 
submitted) and greatly exceed the density of bacterivorous ciliates in oceanic 
plankton communities (Chapters 1 & 2). It is therefore probable that the 
importance of these microorganisms as a food source for herbivorous or 
omnivorous copepods has been underestimated. 
While heterotrophic microflagellates may represent a significant fraction 
of the biomass of plankton communities, the ability of copepods to prey on 
these protozoa cannot be easily predicted. Species of Acartia are capable of 
retaining particles as small as 1-2 um (Hargrave & Geen, 1969; Roman, 1978), 
but particles smaller than 10-15 pm are apparently retained with decreased 
efficiency (Hargrave & Geen, 1969; Nival & Nival, 1976). Since most 
microflagellates are less than 12 pm in size (Davis & Sieburth, 1982), they 
may be retained with an efficiency which is less than 100%. Decreasing 
filtering efficiency with decreasing particle size can presumably be explained 
by viewing food capture as a result of the mechanical action of a fixed 
feeding structure. However, behavior also affects the selection of food 
particles by copepods. Changes in the effective intersetule spacings of the 
feeding appendages has been suggested for Acartia clausi (Donaghay & Small, 
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1979). Post-capture rejection of food particles has been suggested for 
several species of copepods (Poulet & Marsot, 1978; Donaghay & Small, 1979; 
Fernandez, 1979), and microcinetamographic work has confirmed this behavior 
(J.D. Strickler, pers. comm.; Paffenhofer & VanSant, 1983). For these reasons 
empirical verification of the ability of filter-feeding copepods to ingest 
heterotrophic micro flagellates is required in order to determine the potential 
importance of these protozoa as a trophic link between bacterioplankton and 
copepods. 
Behavioral responses to food particles can result in feeding preferences 
which cannot be explained solely by a mechanistic view of food capture. 
Kopylov et al. (1981) investigated the ingestion of heterotrophic 
microflagellates by the calanoid cope pod A. clausi. The authors observed that 
this copepod did not feed on two species of heterotrophic micro flagellates 
when the micro flagellates occurred as solitary cells but fed readily on 
detrital particles with attached microflagellates. The authors concluded that 
!. clausi was incapable of seizing solitary microflagellates. These results 
suggest that!. clausi may have avoided the protozoa since the flagellates 
were within the size range of particles retained by!. clausi (Nival & Nival, 
1976). This behavior could have important implications for the recovery of 
energy from the detrital food chain via bacterivorous microflagellates and 
requires further investigation. 
The ability of the copepod Acartia tonsa to graze heterotrophic 
microflagellate populations and to survive on a diet consisting solely of 
microflagellates was tested in this study. Survival times of adult A. tonsa 
offered a diet of microflagellates were comparable to survival times for 
copepods offered unialgal diets. In comparison, survival times of copepods 
offered bacteria were similar to survival times for starved Controls, 
suggesting the importance of a "protozoan link" between bacteria and the 
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copepods. 'Grazing and ingestion rates of copepods offered mixtures of 
heterotrophic microf1age11ates and algae were comparable for food organisms of 
similar size and abundance. The results suggest a potential importance of 
microf1age11ates in the diet of A. tonsa. 
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METHODS AND MATERIALS 
Copepods were collected from surface waters of Great Harbor, Woods Hole, 
Massachusetts, USA on 9 November 1983 (survival experiment) and 18 December 
1983 (selective grazing experiment) using a 333 um mesh plankton net. Adult 
female Acartia tonsa were pipetted into filtered seawater (0.22 pm pore size) 
o 
and kept at 13.0 C (approximately ambient) for 24 hr before use in either 
experiment. This treatment was performed to avoid the potential effects of 
previous diet on the feeding behavior of the copepods (Donaghay & Small, 1979). 
Survival Experiment 
A survival experiment was carried out in 50xlOO mm Pyrex crystallizing 
o dishes at 15.5 C in dim continuous light. Five types of food plus a starved 
control were tested. The phytoplankton Dunaliella tertiolecta and Isochrysis 
galbana, the heterotrophic microflagellates Monas sp. (clone #2/80-2) and 
Cryptobia maris, and the bacterium Pseudomonas halodurans were used as food. 
Dunaliella and Isochrysis are roughly ellipsoidal cells with longest 
dimensions of 12 pm (Dunaliella) and 5 pm (Isochrysis) and volumes of 157 
3 3 pm and 47.7 pm , respectively. Cryptobia is teardrop-shaped with average 
3 dimensions of 4x6 pm and a volume of 41.9 pm • Honas is a spherical cell 
with an average diameter of 4 
The volume of Pseudomonas was 
3 pm and a corresponding volume of 33.5 pm • 
3 
calculated to be 0.73 pm based on cell 
dimensions. The phytoplankton were grown in Guillard's f/2 medium (Guillard, 
1975) made with Great Harbor (Woods Hole, Massachusetts) seawater and 
harvested during exponential growth. Heterotrophic micro flagellates were 
grown on a mixed bacterial flora which was enriched by adding 0.01% yeast 
extract to natural seawater. Microflagellates were also harvested for the 
experiment during exponential growth. The bacterial culture was grown on 
0.01% yeast extract and was harvested 24 hr after inoculation (late 
exponential growth). Bacteria were offered as food to serve as a control for 
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bacteria present in the microflagellate cultures. The densities of the food 
organisms in the stock cultures were determined by epifluorescence microscopy 
using the acridine orange technique (Watson et al., 1977; Davis & Sieburth, 
1982) and were then diluted with Millipore-filtered seawater (0.22 pm pore 
size) if necessary. Food organisms were offered to the copepods in excess. 
Their concentrations were adjusted such that all foods were offered at a 
similar biomass per unit volume. Initial densities and biovolumes of prey are 
given in Table 5.1. 
Adult Acartia were placed five per dish in 150 m1 of seawater in each of 
six dishes for a total of 30 individuals per treatment. Starved Controls were 
placed in 0.22 pm pore size l!1llipore-filtered seawater. The dishes were 
examined daily for the number of survivors, and all survivors were then 
transfered to dishes replenished with food organisms or freshly filtered 
seawater. 
Selective Grazing Experiment 
A selective grazing experiment was carried out to test the ability of ~. 
tonsa to preferentially graze microflagellates and algae. The same algae and 
microflagellates used in the survival experiment were used in this 
experiment. Two-member mixtures of the four food organisms were offered to 15 
~. ~ individuals held in 200 m1 of seawater in 250 m1 polycarbonate 
flasks. All permutations of the four food organisms were tested (Monas vs. 
Dunaliella, Monas vs. Isochrysis, Cryptobia vs. Dunaliella, Cryptobia vs. 
Isochrysis, Monas vs. Cryptobia, and Dunaliella vs. Isochrysis). Mixtures of 
food organisms were prepared by diluting cultured algae or microflagellates 
with filtered natural seawater. Two flasks were prepared for each mixture of 
food organisms. In one flask the number of food organisms was adjusted such 
that the density of both food species were nearly equal (in actuality, initial 
densities differed by as much as 2.6x (Tables 5.3-5.5). In the other flask 
-183-
Table 5.1. Initial densities and biovolumes of the food organisms 
employed in the Acartia ~ survival experiment. 
Food Densitl Biovolume 
Or~anism (No. ml- ) (um3 ml-l ) 
Monas sp. 1. Oxl05 3.3xlO6 
Cryptobia maris 6.6xlO4 2.8xlO6 
Dunaliella tertialecta 2.1xlO4 3.3xlO6 
Isochrysis galbana 5.1xlO4 2.4xlO6 
Pseudomonas halodurans 4.6xlO6 3.4xlO6 
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the number of food organisms was adjusted such that the biovo1umes per unit 
volume of seawater were nearly equal (in actuality initial biovo1umes also 
differed by as much as 5.5x). Control flasks, flasks containing food 
organisms but no copepods, were also prepared and sampled to monitor any 
change in the density of the food species which was not a result of copepod 
grazing. 
The flasks were sampled immediately after the copepods were added to them 
and after 24 hr. All flasks were maintained at ambient water temperature 
(11.0oC) in dim light. o The flasks were continuously rotated 360 in a 
vertical plane at 2 rpm which maintained thorough mixing of the contents and 
prevented preferential settling of the food organisms. Samples were preserved 
with filtered glutaraldehyde at a final concentration of 1.0%. Food organisms 
were counted by epif1uorescence microscopy (Caron, 1983), using cell size, 
shape and chlorophyll fluorescence to distinguish the different food species. 
Filtration rates and ingestion rates of A. tonsa were calculated from the 
change in the density of food organisms between 0 and 24 hr according to the 
equations of Frost (1972). These rates were corrected for changes in the prey 
density in the Control flasks. All rates were normalized to a rate 
~ ~ 
copepod day • In flasks where copepods had died during the experiment, 
the number of copepods alive at the conclusion of the experiment was used to 
calculate rates per individual. 
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RESULTS AND DISCUSSION 
Results of the survival experiment conducted with Acartia tonsa are given 
in Table 5.2 and Figure 5.1. Copepods fed bacteria only had survival times 
which were comparable to copepods maintained in filtered seawater. Mean 
survival times were 3.7 and 4.0 days for starved Controls and bacteria-fed 
copepods, respectively. In contrast, mean survival times were 5.7 and 6.9 
days for copepods fed algae and 5.8 and 6.8 days for copepods fed 
heterotrophic microflagellates. 
Contingency table analysis (Sokal & Rohlf, 1969) was performed on the 
survivorship data at day 3, 6 and 9. Survivorship of copepods fed the 
bacterium Pseudomonas halodurans was never significantly different than that 
of the starved Controls. At day 3 only the cope pods fed Cryptobia showed 
survivorship which was significantly greater (P<0.05) than that for starved 
Controls. At day 6, copepods fed Dunaliella or Cryptobia had survivorship 
which was significantly greater (P < 0.05) than starved Controls, and at day 9 
all 4 groups fed algae or microflagellates showed survivorship which was 
greater (p <0.01) than for starved Controls or copepods fed bacteria. 
Survivorship among the copepods fed algae or micro flagellates was never 
significantly different (p < 0.05). 
While significant differences were apparent between copepods fed 
microflagellates or algae and the starved Controls, survival times were in 
general relatively short. The short survival times observed for A. tonsa in 
this experiment may have resulted from several factors. Daily transfer of the 
copepods may have caused physical damage to the copepods. Also, the small 
size of the prey organisms may have resulted in filtering efficiencies less 
than 100%. Low filtering efficiency may in turn have provided the copepods 
with a small amount of food for the energy expended. The unispecies nature of 
the food may also have shortened the survival times. Multispecies assemblages 
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Table 5.2. llean survival time (±l standard deviation), median survival 
times, and maximum individual survival times for Acartia tonsa fed 
different diets. 
Mean Median Maximum 
Survival Survival Survival 
Time Time Time 
Treatment (da:z:s) (da:z:s) (da:z:s) 
Filtered 3.7 3.7 8 
Seawater +2.4 
Pseudomonas 4.0 4.3 8 
halodurans +2.5 
Monas 5.9 6.7 12 
sp. +3.0 
Cryptobia 6.8 7.5 12 
maris +2.8 
Dunaliella 6.9 8.0 17 
tertiolecta +4.7 
IsochE1sis 5.7 5.6 14 
galbana +3.5 
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Figure 5.1. Survival of Acartia tonsa individuals fed different diets. 
(e) Copepods maintained in filtered seawater. (II) Copepods fed Pseudomonas 
ha1odurans. (~) Copepods fed Monas sp.. (~) Copepods fed Cryptobia maris. 
(~) Copepods fed Duna1ie11a tertio1ecta. (,,) Copepods fed Isochrysis 
ga1bana. 
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have been shown to support better growth of copepods than unispecies 
assemblages (Nassogne, 1970; Cahoon, 1981). Temperature may have also 
affected survival times of A. tonsa. The sampling period occurred near the 
time of the seasonal succession from~. tonsa to ~. clausi in Buzzards Bay 
(Anraku, 1964). Survival of A. tonsa may have been adversely affected by the 
o 
water temperatures of the survival experiment (15.5 C). It is possible that 
the combined effects of some or all of these factors reduced survival times of 
the copepods. These factors may have also minimized the differences between 
survival times of fed and starved copepods. 
The results of the selective grazing experiment are given in Tables 
5.3-5.5. In general, both heterotrophic microflagellates were grazed by ~. 
tonsa at filtration rates which were comparable to rates observed for the 
copepods feeding on algae. Filtration rates observed for the food species 
-1 -1 
varied from "undetectable" to 11.3 ml copepod day Differences of 
less than 10% between the density of food organisms at the beginning and end 
of a feeding period were within the microscopical counting error and 
filtration rates were not calculated for these instances (indicated by "NS" in 
Tables 5.3-5.5). -1 Therefore, filtration rates which were < O. 9 ml copepod 
-1 day were not detected. 
Filtration rates for both prey species in the mixture were similar in only 
two trials out of a total of 12 trials. In the remaining 10 trials filtration 
rates calculated for the two prey species in each mixture differed despite the 
fact that density or biomass per unit volume were often similar for the two 
prey species. These differences in filtration rates appear to be a result of 
both mechanistic and behavioral responses by the copepod to the prey. 
Filtration rates and ingestion rates of A. tonsa for lfonas sp. are given 
in Tables 5.3 and 5.5 when offered in combination with Dunaliella, Isochrysis 
and Cryptobia. When Monas was offered to A. tonsa the same density as 
Table S.3. Results of a selective grazing experiment with Acartia tonsa. Copepods were offered 
2-member mixtures of prey organisms. Filtration rates and ingestion rates were calculated according to 
the equations of Frost (1972) based on the removal of food organisms as shown by epif1uorescence microscopy. 
INITIAL INITIAL FILTRATION INGESTION RATE 
FOOD CONCENTRATION BIOVOLlTI-lE RATE 
TRIAL ORGANISMS (no. ml-~ (pm3 m1-1) (m! cope pod-l day-1) (no. copepod-l day-1) (pm3 copepod-l day-I) 
Monas S.72xl04 1. 92xl06 4.6 2. 61x10S 8. 74xl06 
sp. 
lA I 
2.62x104 4.llxl06 9. 61xl04 1. Slx107 Dunaliel1a 4.4 
tertiolecta 
Monas 6.lSx104 2.06xl06 6.0 3.63xlOS 1. 22xl07 
sp. 
lB 
Dunaliella S.84x103 9.17x10S NS* 
tertio1ecta 
l10nas 1. 99x104 6.67xlOS 4.2 8.78x104 2.94x106 
sp. 
2A I 
Isochrysis 2.l8xl04 1. 04xl06 8.8 1.4SxlOS 6.92xl06 
sa1bana 
l10nas 4.S2x104 1.S1xl06 9.0 3.S4x10S 1. 19x107 
sp. 
2B I 
Isochrysis S.72x103 2. 73x10S NS 
ga1bana 
*NS in Tables S.3-S.S indicates that the epif1uorescence counts of the prey organisms after 24 hr differed from 




Table 5.4. Results of a selective grazing experiment with Acartia tonsa. Copepoda were offered 
2-member mixtures of prey organisms. Filtration rates and ingestion rates were calculated according to 
the equations of Frost (1972) based on the removal of food organisms as shown by epif1uorescence microscopy. 
INITIAL INITIAL FILTRATION INGESTION RATE 
FOOD CONCENTRATION BIOVOLUME RATE 




























1. 34x106 9.1 2.35x105 9.85x106 
4.38x106 4.1 9.70x104 1. 52x107 
1.40x106 5.4 1. 59x105 6.66x106 
1. 13x106 NS 
1. 53x106 5.8 1.97x105 8.25x106 
1. 64x106 2.5 7. 72x104 3.68x106 
1. 29x106 5.0 1. 42x105 5.95x106 





Table 5.5. Results of a selective grazing experiment with Acartia tonsa. Copepods were offered 
2-member mixtures of prey organisms. Filtration rates and ingestion rates were calculated according to 
the equations of Frost (1972) based on the removal of food organisms as sholnl by epifluorescence microscopy. 
INITIAL INITIAL FILTRATION INGESTION RATE 
FOOD CONCENTRATION BIOVOLUME RATE 
TRIAL ORGANISMS (no. ml-l ) (pm3 ml-l) (ml copepod-l day-l) (no. copepod-l day-l) (pm3 copepod-l day-l) 
Honas 6. 99xl04 2.34xlO6 1.8 1.4lxlO5 4.72xlO6 
--sp. 
lA 
Cryptobia 2.70xlO4 1.13xlO6 11.3 2.36xlO5 9.89xlO6 
maris 
Monas 6.l9xlO4 2.07xlO6 9.9 7.26xlO5 2.43xlO7 I 
sp. I--' 
'" lB I--' 
1. 37xl04 1.03xlO5 4.32xlO6 
I 
Cryptobia 5. 74xl05 9.2 
maris 
Dunaliella 2. 79xl04 4.38xlO6 4.5 1.06xlO5 1. 66xl07 
tertiolecta 
2A 
Isochrysis 3.l0xlO4 1. 48xl06 NS 
salbana 
Dunaliella 9. 92xl03 1. 56xlO6 4.3 3.55xlO4 5.57xlO6 
tertiolecta 
2B 
Isochrysis 2.60xlO4 1. 24xlO6 liS 
galbana 
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Dunaliella (Table 5.3, Trial lA), the filtration rates for Dunaliella and 
Monas were similar. Because of the greater size of Dunaliella, the ingestion 
3 ~ ~ 
rate (pm copepod day ) observed for Dunaliella in this trial 
exceeded that for Monas. However, when the two species were offered at a 
-1 
similar biomass m1 the filtration rate for Dunaliella was undetectable. 
When Monas and Isochrysis were offered to A. tonsa (Table 5.3, Trial 2A & 2B), 
the filtration rate and ingestion rate for Isochrysis was approximately 2x the 
rate for Monas ·when the two species were offered at similar densities. When 
the initial density of Isochrysis was approximately one order of magnitude 
less than that of Monas, the filtration rate for Isochrysis was undetectable. 
When Monas and Cryptobia were offered to!. tonsa (Table 5.5, Trials 1A & lB), 
Cyptobia was filtered at rates comparable to or greater than rates for Monas, 
even though Monas was present in higher densities and biomass. 
These results indicate that Monas was a dominant portion of the ingested 
biomass of !. tonsa only when it was present in much greater densities than 
the other species. Monas is the smallest of the four species tested in this 
3 
study (volume = 33.5 pm ), and is presumably at the lower limit of the 
filtering capabilities of this species and related Acartia species (Gauld, 
1966; Nival & Nival, 1976). Utilization of this biomass appears to be 
maximized only when larger food particles are in low abundance. In all trials 
the biomass of Monas ingested by the copepods increased when the density of 
the other prey species in the mixture was reduced. 
Filtration rates and ingestion rates of A. tonsa for Cryptobia are given 
in Tables 5.4 and 5.5 when offered to the copepods in the presence of the 
other prey species. Filtration rates of A. tonsa for Cryptobia were greater 
than or equal to filtration rates observed for all other prey species in all 
trials. When Cryptobia was offered to the cope pods in the presence of 
Dunaliella and Isochrysis at similar densities (Table 5.4, Trials lA & 2A), 
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filtration rates observed for Cryptobia were approximately 2x the rates for 
the algae. When Monas and Crypt obi a were offered at a density ratio of 2.6:1 
(Table 5.5, Trial lA) filtration rates observed for Cryptobia were 6x greater 
than rates for Monas. -1 Initial biomass m1 was greater for the algae and 
Monas than for Cryptobia in these trials. 
These results suggest a behavioral selection by~. tonsa of Cryptobia in 
the presence of Duna1ie11a. Filtration rates were greater for Crypt obi a than 
for Duna1ie11a offered at similar densities, even though Duna1ie11a is the 
larger cell. A similar situation was apparent for Cryptobia and Isochrysis. 
Filtration rates for Cryptobia were much higher than for Monas, but a 
mechanistic explanation is possible in this case since Monas is smaller than 
Cryptobia. 3 ~ ~ Ingestion rates (pm copepod day ) in these trials were 
twice as great for Cryptobia as for Isochrysis and Monas, but comparable rates 
were observed for Cryptobia and Duna1ie11a because of the larger cell size of 
Duna1ie11a. 
When Duna1ie11a and Cryptobia or Isochrysis and Cryptobia were offered to 
-1 A. tonsa at similar biomass m1 (Table 5.4, Trials 1B & 2B), filtration 
rates for Duna1ie11a were undetectable but were unchanged for Isochrysis. 
When Monas and Cryptobia were offered at a density ratio of 4.5:1 (Table 5.5, 
Trial 1B), filtration rates were similar for both prey, and the biomass of 
Monas ingested by the copepods exceeded that of Cryptobia. 
Filtration rates and ingestion rates of ~. tonsa when the two algae were 
offered to the copepods (Table 5.5, Trials 2A & 2B) indicate that Duna1ie11a 
was selected over Isochrysis when the two were offered at similar 
concentrations or at similar biomass m1-1• Filtration rates were 
undetectable for Isochrysis in both trials. This selection may be a result of 
a behavioral response to the prey, or reduced filtration efficiency for 
Isochrysis which is smaller. Since filtration rates for Isochrysis were 
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detectable in the other trials it is concluded that a behavioral response by 
A. tonsa was involved. 
The results of the selective grazing experiment suggest a preference of ~. 
tonsa for Cryptobia relative to Monas for the two micro flagellate species 
tested, and for Dunaliella relative to Isochrysis for the two algal species 
tested. Coincidentally, mean survival times (Table 5.2) for copepods fed 
Cryptobia and Dunaliella were longer than survival times for Monas and 
Isochrysis, although the differences in survival were not significant by 
contingency table analysis. Nonetheless, the results suggest that nutritional 
value of the prey may differ and that these differences may manifest 
themselves in selective grazing and survival times. 
Kopylov et al. (1981) noted that Acartia clausi was incapable of seizing 
two species of heterotrophic microflagellates when they occurred in 
suspension. However, the copepods in that study readily fed on particles with 
attached micro flagellates. The authors concluded that microflagellates were 
acceptable as food for A. clausi but were too small to be efficiently 
filtered. The micro flagellates used by Kopylov et al. (1981) were at least 
5.4 and 6.8 pm in diameter (assuming spherical cells). These sizes are within 
the range of particle sizes which~. clausi can capture (Nival & Nival, 1976) 
and are larger than the sizes of the micro flagellates used in this study. The 
densities of microflagellates used in this study were comparable to the 
densities employed by Kopylov et al. (1981). Therefore, the inability of A. 
clausi to feed on the two microflagellate species employed in that study may 
indicate selective behavior of the copepods rather than a physical inability 
to seize the prey. Behavioral selectivity has been noted for A. clausi and 
for other cope pods (Poulet & Marsot, 1978; Donaghay & Small, 1979; Fernandez, 
1979). Whether the explanation is mechanical or behavioral, the results of 
Kopylov et al. (1981) suggest that suspended microflagellates were unavailable 
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to A. c1ausi. 
Unlike the results of Kopylov et a1. (1981) with!. clausi, this study has 
shown that!. tonsa readily removes heterotrophic microflagellates from 
suspension. There is no indication from the results that the ingestion of 
microflagellates by the copepods was avoided. There is also no evidence that 
the presence of heterotrophic microflage1lates resulted in depressed 
filtration rates or ingestion rates by the copepods. Chemical stimuli can 
affect the feeding behavior of copepods (Cowles, 1983), and feeding of 
copepods on non-living particles can be induced in the presence of acceptable 
food (Frost, 1977) or a chemical stimulus (J.D. Strickler, pers. comm.). 
Filtration and ingestion rates of !. tonsa in the absence of heterotrophic 
microflagellates (Table 5.5, Trials 2A & 2B) were comparable to rates in their 
presence. In fact, filtration rates for individual prey species were highest 
in the trials which contained only protozoa (Table 5.5, Trials 1A & lB). 
These results confirm the acceptability of protozoa as food for this 
planktonic copepod. 
The inability of!. clausi to capture suspended microflagellates (Kopy1ov 
et al., 1981) is difficult to rationalize with the results from this study on 
A. tonsa. If A. clausi is incapable of efficiently capturing 
nanop1ankton-sized particles in the plankton, then the ability of A. tonsa to 
utilize this food resource may account, in part, for the dominance of the 
latter species in Buzzards Bay during the summer when nanoplankton dominate 
the phytoplankton (Anraku, 1964; Roman, 1978). However, if !. clausi is 
avoiding the suspended protozoa, then more work is required to determine which 
species of protozoa are acceptable food organisms to planktonic copepods. 
It is difficult to draw conclusions on the importance of heterotrophic 
microflagel1ates in the diet of Acartia tonsa based on the present study. The 
densities of microflagellates used in this study (9.09xl03 - 8.6Oxl04 
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cells m1 ) are higher than concentrations generally observed in the ocean 
(Chapter 1; Davis & Sieburth, 1982; Fenche1, 1982d; Davis et a1., submitted) 
although such densities have been observed in eutrophic environments (Sorokin, 
1981). In addition, given that !. c1ausi apparently does not accept some 
microf1age11ates as food (Kopy1ov et a1., 1981), it is not possible at present 
to estimate what portion of the in-situ protozoan population is acceptable 
prey to~. tonsa. Finally, the presence of large phytoplankton cells, or 
animal prey may affect the filtration rates of A. tonsa for these small 
protozoa. Under conditions where larger prey are available, heterotrophic 
microf1age11ates may constitute a minor portion of the diet of!. tonsa. 
Nonethless, the present study has established that microf1age11ates are 
acceptable food for !. tonsa, and apparently have a nutritional value 
comparable to the algae tested in this study (as evidenced by similar survival 
times). In addition, when these protozoa occur in densities comparable to 
photosynthetic microorganisms of similar size they are removed from the water 
with equal efficiencies. 
Heterotrophic microf1age11ates generally constitute approximately 1/2 of 
the nanop1ankton population within the euphotic zone of the ocean (Chapter 1; 
Davis et a1., submitted). In turn, nanop1ankton dominate the biomass of a 
number of oceanic environments (Brockel, 1981; Beers et a1., 1982; Booth et 
a1., 1982). The results of this study suggest that under these conditions 
heterotrophic microf1age11ates may constitute a significant fraction of the 
diet of filter-feeding copepods. In addition, microf1age11ates may constitute 
an important source of nutrition for zooplankton during the heterotrophic 
phase of plankton succession (Sorkin, 1977) and in the deep ocean (Harding, 
1974). More work is required to quantify the role of heterotrophic 
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APPENDIX I 
FIXATION, SAMPLE PREPARATION, AND COUNTING PROCEDURES 
FOR EPIFLUORESCENCE COUNTS 
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Five populations of microorganisms were counted using epifluorescence 
microscopy; phototrophic and heterotrophic picoplankton (0.2-2.0 pm), 
phototrophic and heterotrophic nanoplankton (2.0-20 pm), and microalgae 
greater than 20 pm. These populations were visualized and differentiated 
using fluorochrome stains and the autofluorescence of photosynthetic 
pigments. The counting techniques and diagnostic features for their 
identification are discussed below. More complete descriptions of these 
techniques can be found in the references provided. All counts were made 
using a Zeiss standard microscope equipped with a SOW high pressure mercury 
lamp. 
Sample Fixation: 
All samples were fixed with glutaraldehyde at a final concentration of 
1%. For seawater samples, a stock solution of 10% glutaraldehyde was prepared 
by diluting 50% (aqueous solution) Reagent grade glutaraldehyde in full 
strength natural seawater. The seawater helps prevent osmotic shock of the 
microorganisms during fixation and also acts as a buffer. The solution was 
filtered through a 0.22 pm pore size Millipore filter. For freshwater samples 
the glutaraldehyde was diluted to 10% with distilled water. Sodium cacodylate 
(O.l~) was added to buffer the solution, and the pH was adjusted to 7.2. 
Samples were preserved by adding 20 m1 of the 10% glutaraldehyde solution 
to 180 m1 of sample. o Samples were stored at 5 C in the dark to maintain the 
autofluorescence of the photosynthetic pigments. 
Heterotrophic Picoplankton (Hnano): 
Heterotrophic picoplankton (primarily heterotrophic bacteria) were counted 
using two fluorochrome stains; acridine orange (AO; Francisco et al., 1973; 
Watson et al., 1977) and 4'6-diamidino-2-phenylindole (DAPI; Porter & Feig, 
1980). DAPI was used primarily for counting field samples. It was superior 
to AO due to slower quenching (AO faded rapidly, especially in very small 
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(0.2-0.4 ~m) bacteria) and its higher specificity (detritus was not stained as 
readily as with AO in macroaggregates samples). AO requires a shorter 
staining time, however, and was used in most labortatory experiments using 
cultured bacteria (which are larger and more easily visualized). 
An appropriate sample volume (0.5-10 ml) was placed in a 25 mm Millipore 
filter assembly for staining. A pre-stained (Hobbie et al., 1977) Nuclepore 
filter (0.2 pm pore size) was used to collect the stained sample. A backing 
filter (0.45 pm pore size Millipore filter) was placed beneath the Nuclepore 
filter to promote even dispersion of the bacteria on the filter. Bacteria 
were stained in the filtration assembly with DAPI (final stain concentration 
of 1 ug/ml) for 10 minutes or AO (final stain concentration of 0.01% W:V) for 
3 minutes. The sample was drawn down onto the filter with a vacuum pressure 
of less than 10 cm Hg, rinsed with filtered distilled water, and then mounted 
(still wet) on a glass slide. One drop of immersion oil was placed on the 
filter, followed by a glass coverslip. 
Hpico were counted using a 100X Neofluar oil objective. A G365 exciter 
filter, an FT420 chromatic beam splitter, and an LP4l8 barrier filter were 
used for observing the DAPI-stained preparations, while a BP450-490 exciter 
filter, an FT420 chromatic beam splitter, and an LP520 barrier filter were 
used for the AO-stained preparations. An ocular grid was used to facilitate 
counting, since the Neofluar lens does not produce a planar image. This 
curvature causes difficulties in observing bacteria at the edges of the field 
of view. The number of Hpico per grid was recorded for fields of view from 
all parts of the filter. A total of at least 500 Hpico per filter was 
counted. The number of Hpico in the sample was then calculated using the 
following formula. 
(bacteria ~rid-l)(multi)lication factor) = 
m1 of sample (0.9) bacteria ml-
l AI.l 
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The factor (0.9) takes into account the dilution of the sample by the 
fixative. The "multiplication factor" relates the area of the ocular grid to 
the area of the filter covered by sample. 
Multiplication factor = (1I)~R2) 
(S ) 
AI.2 
where S is the length of the ocular grid, and R is the radius of the filter 
funnel. 
Phototrophic Picoplankton (Ppico): 
Counts of Ppico were made on unstained preparations, using the 
auto-fluorescence of the photosynthetic pigments to visualize the cells. 
Chroococcoid cyanobacteria always dominated this component of the plankton. 
Samples were drawn down onto pre-stained Nuclepore filters (0.2 pm pore size), 
as for bacterial counts, and mounted on glass slides with 1 drop of immersion 
oil. However, a larger sample volume was needed due to the lower density of 
cyanobacteria (5-50 ml). The same set of filters used for the AD technique 
was used for the cyanobacterial counts. Microorganisms which were 0.2-2.0 ~m 
in size and fluoresced yellow-to-orange were enumerated as chroococcoid 
cyanobacteria. This color is due to the presence of phycoerythrin, a fairly 
diagnostic characteristic which can be used to distinguish these 
microorganisms from photosynthetic eucaryotes (which fluoresce red due to 
chlorophyll ~) and bacteria (which do not autofluoresce). This technique is 
not able to identify cyanobacteria which do not contain phycoerythrin, but is 
more managable than immunological techniques which may be capable of 
identifying them (Campbell et al., 1983). Red-fluorescing cells which were 
0.2 to 2.0 ~m in size were also enumerated by this technique, but always 
constituted a small portion of the total Ppico. 
The intense autofluorescence of the Ppico allowed a bit more freedom in 
counting than was possible for the bacterial counts. Counts were performed 
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using a 100X Neof1uar objective lens, but usually the whole field of view was 
counted. Ppico per field of view was then converted to Ppico per m1 using 
equation AI.1. The magnification factor used in equation AI.1 was changed 
to ••• 
l1u1tip1ication factor = 7:i:,*-r.;.~ AI. 3 
where R1 is the radius of the filter funnel and R2 is the radius of the 
field of view. When PPico were very scarce, scans across the filter were 
made. All Ppico observed during each scan were recorded, and the length of 
the scan was measured using the mechanical stage divisions. Only one half of 
the field of view was counted at the beginning and end of the scan. 
----==not counted 
Counts were recorded as PPico per scan, and were converted to PPico per m1 
using equation Al. The multiplication factor for this counting procedure 
was ••• 
Multiplication factor = (n)(R2) 
(L)(W) 
AI. 4 
where R is the radius of the filter funnel, L is the length of the scan and W 
is the diameter of the field of view. 
Phototrophic and Heterotrophic Nanop1ankton: 
The term "nanop1ankton" refers to phototrophic and heterotrophic 
microorganisms which are 2.0-20 pm in size. It is largely an operational 
definition, but is composed largely of eucaryotes, primarily phototrophic and 
heterotrophic microf1age11ates. Several methods employing epif1uorescence 
microscopy for counting these populations have been described (Davis & 
Sieburth, 1982; Haas, 1982; Caron, 1983; Sherr & Sherr, 1983). The advantages 
and disadvantages of these techniques have been reviewed by Caron (1983) 
-208-
(Appendix III). Ali of these techniques rely on f1uorchrome stains to 
visu1aize the heterotrophs and on the autofluorescence of ch1orophy11-~ to 
distinguish the phototrophs. However, the methods differ in their ability to 
distinguish fluorochrome and ch10rophy11-~ fluorescence, and in the affinity 
of the stains for particulate material (see Appendix III for discussion). 
Samples prior to May 1982 were examined for Pnano and Hnano with the AO 
technique (Davis & Sieburth, 1982). Two preparations are required for this 
technique. A stained sample is enumerated for total nanop1ankton 
(heterotrophs and phototrophs), and an unstained sample is enumerated for 
phototrophs only. The number of heterotrophs is then determined by the 
difference between these two counts. 
One other technique was used to count nanop1ankton in samples collected 
prior to May 1982 where particulate material was particularly high. Binding 
of the stain to particulate material can obscure nanop1ankton on these 
particles. These samples (unstained) were filtered down onto unstained 
Mi11ipore filters (0.22 rm pore size) instead of pre-stained Nuc1epore filters 
used with fuorochrome stains. o The filters were then dried at 60 C for 15 
minutes, and mounted on glass slides with 1 drop of immersion oil above and 
below the filter. This procedure rendered non-phototrophic cells visible as 
greenish "ghosts", while phototrophic cells remained red-fluorescing. This 
technique was more time consuming since "ghosts" of the heterotrophs were not 
as obvious as fluorochrome-stained cells. However, this method yielded 
results comparable to the AO technique for routine samples (Table AI.1), and 
was superior for samples containing large amounts of particulate material. 
This procedure was especially useful for the Lake Ontario samples which 
contained large amounts of detritus. 
Samples collected after May 1982 were observed for nanop1ankton with the 
primu1in technique (Caron, 1983). This method was useful for all samples 
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Table AI.l. Comparison of the acridine orange technique and the dried 
Millipore filter technique for counting phototrophic and heterotrophic 
nanoplankton. The sample was collected on 8/14/81 at approximately 66 min 
the North Atlantic (250 49'N, 190 54'W). Counting error is +1 standard 
deviation. 
PHOTOTROPHIC HETEROTROPHIC TOTAL 
NANOPLANKTON NANOPLANKTON NANOPLANKTON 
COUNTING 
PROCEDURE (NO. MI.-I) (NO. MI.-I) (NO. MI.-I) 
acridine orange 2.l6xl03 
stained +0.25 




dried l1illipore 6.l7xl02 1.43xl03 2.05xl03 
filter +0.22 +0.19 +0.20 
-210-
(ineluding maeroaggregates) beeause of the use of separate exeitation 
wavelengths for fluoroehrome and ehlorophyll-~ fluoreseenee. 
All nanoplankton eounts were performed using a 100X Neofluar lens. Fields 
of view or seans aeross the filter were performed. 
Algae Greater Than 20 pm: 
Mieroalgae greater than 20 pm were eounted by performing seans on 
unstained samples (5-100 ml) drawn down onto pre-stained Nuelepore filters 
(0.8 JlID pore size). The filter set used for the AO teehnique was used to 
observe red ehlorophyll-~ autofluoreseenee. Seans were performed with a l6X 
Neofluar lens. Where possible, algae were identified to major taxa (diatoms, 
dinoflagellates, ete.) and eell dimensions were reeorded. 
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APPENDIX II 
USE OF CULTURAL AND EPIFLUORESCENCE TECHNIQUES 
FOR THE ENUMERATION OF BACTERIVOROUS MICROFLAGELLATES 
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Two techniques were employed to estimate the number of bacterivorous 
microflagellates in water and macroaggregate samples. The assumptions 
inherent in these methods differ radically, and the density estimates obtained 
with these methods also differed markedly. 
The epifluorescence counting technique for counting heterotrophic 
nanoplankton has been previously described (Appendix I). Several factors 
complicate the use of Hnano counts as an estimate of the density of 
bacterivorous microflagellates. The epifluorescence technique does not 
determine the trophic mode of the nanoplankton (other than establishing that 
they are not photosynthetic). Therefore, herbivorous (and possibly 
osmotrophic) microflagellates would not be excluded from the counts. Also, 
the gametes or reproductive swarmers of other protozoa or metazoa may be 
indistinguishable from bacterivorous microflagellates using the direct 
counting technique. Flagellated reproductive cells 2-20 ~m in size are 
produced by a variety of planktonic and benthic organisms. In the open ocean, 
protozoa such as radiolaria and foraminifera can produce hundreds of thousands 
of reproductive cells per individual (Be & Anderson, 1976; Spindler et al., 
1978; Anderson, 1983; Be et al., 1983). In neritic waters, reproductive 
swarmers produced by macroalgae, fungi, and molluscs (among others) may 
contribute to the population of "heterotrophic nanoplankton". Epifluorescence 
counts may also include dead or moribund microorganisms. These potential 
contributions to the Hnano population mean that the epifluorescence counts 
represent an upper limit estimate of the number of bacterivorous 
microflagellates in a sample. 
The Most Probable Number (MPN) culture technique used to estimate the 
density of bacterivorous microflagellates is based on the bacteriological 
technique used to estimate the number of viable bacteria suspended in a 
liquid. Serial dilutions of an aliquot of the sample are prepared and each of 
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the dilutions are cultured (using an appropriate substrate). The number of 
bacteria in the undiluted sample can then be calculated using MPN Tables 
(Fisher & Yates, 1963) by knowing the dilution factor, the number of cultures 
at each dilution level, and the total number of positive cultures. Singh 
(1946) adapted this method for estimating the number of protozoa in soil 
samples. It has subsequently been used for estimating protozoan density in 
seawater samples (Lighthart, 1969; Davis et al., 1978). 
This technique assumes that the microflagellates are evenly distributed in 
the sample (i.e. not clumped or attached to particles), and that all viable 
microflagellates will grow in the cultures. The former assumption is clearly 
not valid for the macroaggregate samples. Attachment to, or close association 
with aggregates leads to underestimation of the population density, since 
clumped cells cannot be distributed evenly in the dilution series. Also, it 
is doubtful that all viable bacterivorous microflagellates are capable of 
growth in culture. Growth is presumably dependent upon the suitability of the 
bacteria used as food for the protozoa, the water quality of the cultures 
(02 concentration, salinity fluctuations, trace metal contamination, etc.), 
or both. Food for the protozoa in the MPN cultures was provided by enriching 
the natural bacterial flora present in the water samples. However, different 
media used to enrich the bacteria resulted in differences in the ability of 
the cultures to grow microflagellates. Several culture media tested for their 
ability to grow protozoa from seawater samples illustrate this point (Table 
AII.l). Growth of the bacterial population must be rapid enough to provide 
food for the increasing density of protozoa in the cultures, but it cannot be 
so rapid that oxygen utilization by the bacteria is excessive. Purified 
chitin was apparently too poor an energy source for the bacteria flora, and 
did not support protozoan growth (no positive cultures observed). Yeast 
extract, on the other hand, supported very rapid growth of bacteria, but still 
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Table AII.l. Most probable number estimates of bacterivorous 
microflagellates performed in the Sargasso Sea (30 0 30'N, 750 55'W) using 





Purified chi tin 
Yeast extract (0.01%) 
Homogenized salp tissue 
Rice grain and 
/ .... F 2 nutrients 














110ST PROBABLE NUMBER 









* Natural seawater was filtered through a sterile 0.22 pm pore size Millipore 
filter. 
** ( From Guillard 1975). 
*** Pseudomonas halodurans cultured in 0.01% yeast extract was added at a 
density of approximately 108 bacteria ml-l • 
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yielded poor protozoan growth, presumably due to excessive oxygen 
utilization. An alternative explanation for fewer positive cultures using 
yeast extract might be that rapid growth of the bacteria caused depletion of 
the bacterial substrate. Subsequent grazing by protozoa would lead to a "boom 
and bust" situation for the protozoa. If cultures were not observed during 
the peak in protozoan abundance, no growth would be assumed. 
These considerations suggest that a substrate that will be used relatively 
slowly, and will not be exhausted rapidly should provide the best possible 
method for enriching protozoan growth in the MPN cultures. Moderate but 
continuous bacterial growth should allow a steady, constant increase in 
protozoan density, avoiding a "boom and bust" situation, while also preventing 
excessive oxygen utilization due to uncontrolled bacterial growth. This 
reasoning presumably accounts for the higher MPN estimates for malt grains, 
rice grains, and sa1p tissue (Table AII.1). Rice grains and filtered natural 
seawater (from the site of sample collection) yielded the highest MPN 
estimate. Addition of the bacterium Pseudomonas ha10durans (a suitable food 
source for species of micro flagellates in culture), addition of F/2 nutrients 
for algal cultures (Gui11ard, 1975), or autoc1aving the seawater all caused a 
reduction in the MPN relative to rice grains and filtered seawater. This 
reduction could be due to changes in the bacterial flora available as food (f. 
ha1odurans) or in the water quality (autoc1aving). Based on this experiments, 
rice grains and filtered natural seawater were used as a culture medium in all 
MPN counts. 
It can be concluded from the above discussion that the I1PN technique 
represents a lower limit estimate of the number of bacterivorous 
microf1age11ates present in a sample. Therefore, the epif1uorescence and the 
MPN techniques represent upper and lower limit estimates of the number of 
bacterivorous microf1age11ates in a sample. While these two techniques lack 
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the accuracy which is desired in estimating population density, they are, at 
present, the best available means of estimating the density of these protozoa 
in field samples. 
Figure AII.l shows a lack of correlation between the estimates of 
microflagellate density as determined by the MPN and epifluorescence 
techniques for samples taken with Niskin bottles. The I1PN estimates were 
generally less than 1% of the corresponding epifluorescence estimates and 
there was no obvious relationship between the results of the two methods. 
These results indicate that the two estimates are not simply "offset" by some 
factor. 
A comparison of the two counting methods for macroaggregate samples 
(Figure AII.2) shows that although there is still no 1:1 correspondence 
between the two methods, there is an indication that MPN and epifluorescence 
estimates may be correlated but offset by some constant. The dashed line in 
Figure AII.2 indicates the expected 1:1 correspondence between the two 
counts. The solid line is the regression for the data points (slope = 0.57; r 
= 0.5). 
Figures AII.l and AII.2 appear to indicate that when the absolute values 
of the MPN and epifluorescence techniques differed greatly there was little 
correlation between them. As the disparity between the two counts decreased, 
a correlation approaching 1:1 appeared. This suggests that Niskin bottle 
samples either contain a significant number of microorganisms which are not 
bacterivorous microflagellates but are included in the epifluorescence counts, 
or that the microflagellates in the macroaggregate samples are easier to 
culture than microflagellates in the Niskin bottle samples. 
The epifluorescence and MPN methods often yield such different numbers 
that an experiment was conducted to determine if they are capable of yielding 
the same number, and what conditions might account for very large 
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Figure AII.1. The density of bacterivorous microf1age11ates estimated by 
epif1uorescence microscopy and the Most Probable Number culture technique in 
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Figure AlI.2. The density of bacterivorous micro flagellates estimated by 
epifluorescence microscopy and by the Most Probable Number culture technique 
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discrepancies in these estimates. An experiment was conducted to compare the 
MPN and epif1uorescence counting techniques using 2 species of cultured 
microf1age11ates. The bacterium P. ha10durans was grown in 2 Fernbach flasks 
with 0.01% yeast extract for 48 hr. Antibiotics were then added to stop 
bacterial growth (60 mgt1 of penicillin, 30 mgt1 of streptomycin), and the 
flasks were inoculated with the microf1age11ate Monas sp. or Cryptobia maris. 
Microf1age11ate densities were monitored, and the cultures were sampled during 
exponential growth, at the time of exhaustion of the food supply, and several 
days after the exhaustion of the food supply. Preserved samples were counted 
using epif1uorescence microscopy, and unpreserved samples were used in the MPN 
technique. The results are presented in Table AII.2. A comparison of the MPN 
and epif1uorescence counts showed that the discrepancy between these 2 
techniques was related to the growth phase. Closest agreement between the 2 
methods was obtained when the microf1age11ates were in exponential growth. In 
this growth state, the MPN estimate was 53 and 29% of the epif1uorescence 
count, indicating that the MPN and direct counting techniques are potentially 
capable of yielding similar results. The MPN and direct counts were very 
different once the food supply had been exhausted, however, yielding estimates 
which were more than 3 and 4 orders of magnitude different. The MPN:DC ratio 
appears to be somewhat species-specific, since Monas and the bodonid 
flagellate did not yield similar ratios at similar growth stages. Samples 
taken at the time of exhaustion of the protozoan food yielded ratios of 0.61 
and 14.3% for the Monas and bodonid, respectively. This difference may be due 
to differences in the resilience of starved (but viable) microf1age11ates, or 
to the differential degradabi1ity of dead micro flagellates. 
The range of MPN:DC ratios obtained in this experiment (0.007-52.8%) is 
comparable to the range of MPN:DC ratios obtained for seawater and 
macroaggregate samples (Table 2.6) and suggests that the nutritional status of 
Table AII.2. Estimates of the number of microf1age11ates in cultures as determined by the Most 
Probable Number (MPN) culture technique and direct counts by epif1uorescence microscopy (DC). 
EPIFLUORESCENCE MPN 
MICROFIAGELIATE COUNT COUNT (MPNx100):DC 
SPECIES GROwrH PHASE (no. m1-1) (no. mr1) RATIO 
Monas sp. Exponential L10x104 5. 81x103 52.8 
Monas sp. Early Stationary 4. 14x104 2.52x102 0.61 
Monas sp. Late Stationary 3. 61x103 2. 56x10-1 0.007 
Cryptobia maris Exponential 2.03x104 5.80x103 28.6 I N 
N 
Cryptobia maris Early Stationary 2. 91x105 4. 15x10" 
,..... 
14.3 I 
Cryptobia maris Late Stationary 4.10x105 3.74x102 0.91 
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the microflagellate population may account for a significant portion of the 
discrepancy between 11PN and DC estimates. Alternatively, in light of the 
experiment just described, the magnitude of the discrepancy between the 2 
counts may provide some information concerning the nutritional status of the 
population involved. Unfortunately, the contribution of the other potential 
influences discussed previously makes it impossible to relate differences in 
the MPN and DC estimates of field samples solely to the growth phase of the 
microflagellates in the sample. 
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A new method is described that uses the fluorochrome primulin and epiftuores-
cence microscopy for the enumeration of heterotrophic and phototrophic nano-
plankton (2 to 20 ILm). Phototrophic microorganisms are distinguished from 
heterotrophs by the red autofluorescence of chlorophyll a. Separate filter sets are 
used which allow visualization of the primuiin-stained nanoplankton without 
masking chlorophyll a fluorescence. thus allowing easy recognition ofphototroph-
ic cells. Comparison with existing epifluorescence techniques for counting 
heterotrophic and phototrophic nanoplankton shows that primulin provides more 
accurate counts of these populations than the fluorescein isothiocyanate or 
proflavine techniques. Accuracy is comparable to that with the acridine orange 
technique, but this method requires only one filter preparation for the enumera-
tion of both phototrophic and heterotrophic popUlations. 
Heterotrophic micro flagellates (2 to 20 ~m) 
are a ubiquitous component of plankton commu-
nities (6-8. 10. 17. 25. 28. 35-37. 40). Several 
studies have demonstrated the importance of 
these protozoa as predators for heterotrophic 
bacteria, chroococcoid cyanobacteria, and pho-
totrophic nanoplankton (12-15, 20. 21. 23. 28. 
32). Heterotrophic microftagellates playa role in 
the decomposition and remineralization of or-
ganic matter (12. 13. 29. 39) and are a potential 
food source for filter-feeding zooplankton (24), 
Although recent attempts have been made to 
incorporate these organisms into models of 
planktonic food webs C6. 30. 33. 36. 42), most 
investigations of the plankton still make no effort 
to determine the number of these protozoa pres-
ent in nanoplankton samples (2. 3); hence. all 
microftagellates are considered phototrophic or 
osmotrophic. 
Major problems with counting heterotrophic 
microftagellates in natural samples have been 
the accurate enumeration of the total nanoplank-
ton and the differentiation of the organisms 
which lack photosynthetic pigments. A variety 
of counting techniques have been used for the 
nanoplankton. including the classical Utermohl 
settling technique (41). microscopic observation 
of live samples (35. 37. 40). scanning electron 
microscopy (4. 34). and. more recently epifluo-
rescence microscopy (11. 20, 28). 
The first three counting techniques listed 
t Contribution no. 5380 from the Woods Hole Oceano-
graphic Institution. 
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above have serious limitations with heterotroph-
ic microflagellates. The Utermohl technique un-
derestimates nanoplankton concentrations by 
more than an order of magnitude (4. 11). pre-
sumably due to slow settling rates of small cells. 
Microscopic examination of live unconcentrated 
samples may be applicable in some situations. 
but it has been shown to underestimate the 
number of small flagellates due to restrictions on 
the magnification (4). The need to process sam-
ples immediately and to have high flagellate 
concentrations (to insure accurate and reproduc-
ible counts) renders this technique impractical 
for routine use. Scanning electron microscopy 
has been used successfully for studying nano-
plankton samples. but it is time consuming and 
costly. and is impossible at sea. 
A more important weakness of these tech-
niques is their poor capability (or inability) for 
differentiating pigmented from nonpigmented 
nanoplankton. The taxonomic diversity of the 
heterotrophic nanoplankton has complicated 
this problem. Many phytoplankton taxa contain 
nonpigmented species (31), and therefore. cell 
morphology cannot be used as a tool to distin-
guish pigmented and nonpigmented organisms. 
A more obvious method for distinguishing 
phototrophic from heterotrophic organisms is 
the presence or absence of photosynthetic pig-
ments. a characteristic readily determined by 
epiftuorescence microscopy. Several techniques 
involving epifluorescence microscopy have re· 
cently been proposed (11. 10. 28). These tech-
niques rely on secondary fluorescence of vari-
492 CARON 
ous fluorochrome stains (acridine orange [AO]. 
J-o-diaminoacridine hemisulfate [proflavinej. 
and fluorescein isothiocyanate [FITCJ. respec-
tively) to make the heterotrophic nanoplankton 
visible and on the red autofluorescence of chlo-
rophyll (/ to distinguish phototrophic nanoplank-
ton. Ideally. it should be possible to distinguish 
fluorochrome from chlorophyll (/ fluorescence 
and to enumerate both groups of organisms from 
the same preparation. However. overlapping or 
interference of the emission spectra of the fluo-
rochrome and chlorophyll a may result in mask-
ing of the chlorophyll fluorescence, resulting in 
error in the estimation of the proportion of 
phototrophic to heterotrophic organisms. This 
problem is most apparent in the AO technique 
(11). in which fluorochrome and chlorophyll a 
emission spectra overlap considerably. This ne-
cessitates two distinct counts on separate prepa-
rations: an unstained sample for chlorophyll a 
fluorescence only (phototrophic nanoplankton), 
and a stained sample for total nanoplankton 
(phototrophs and heterotrophs). The number of 
heterotrophic organisms is then determined by 
the difference Ot). The proflavine and FITC 
techniques have been proposed to permit both 
counts on a single preparation. However. the 
fluorescence of these fluorochromes must be 
distinguished from that of chlorophyll a by eye. 
and there can be considerable masking of chlo-
rophyll a fluorescence by these fluorochromes 
111). 
This paper describes an alternative staining 
procedure for simultaneously counting photo-
trophic and heterotrophic nanoplankton by epi-
fluorescence microscopy. This procedure uses 
the fluorochrome primulin. which has excitation 
and emission maxima that are much lower than 
the corresponding maxima for chlorophyll a. 
allowing different tilter combinations to be used 
to preferentially stimulate and observe either 
fluorochrome or chlorophyll a fluorescence. 
This method minimizes masking of chlorophyll a 
fluorescence and the resultant error in counting 
heterotrophic and phototrophic nanoplankton 
from a single preparation. 
MATERIALS AND METHODS 
All seawater sample" were preserved with prefil-
tered W.22-iJ.m ~lillipore filter) 10% glutaraldehyde 
prepared in natural seawater to obtain a final preserva-
tive concentration of lo/r. Freshwater sampl.es were 
preserved at the same final concentration by using 
to% glutaraldehyde prepared in distilled water with 
0.1 M sodium cacodylate buffer (pH 7.0). 
The fluorochrome primulin (Direct Yellow 59. Color 
Index 49000. Aldrich Chemical Co.) was prepared at a 
concentration of 250 iJ.g/ml in distilled water with 0.1 
M Trizma-hydrochloride <-It pH 4.0. since binding and 
fluorescence of the fluorochrome occur optimally at 
~Icid pH 191. The solution was prepared fresh and was 
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filtered through a O.22-~m Milllpore filter hefore each 
use. Each preserved sample (10 to 50 ml) W<-Io;, drawn 
down onto a O.8-)J.m. 25-mm Nuclepore filter pre-
"tained with irgalan black (22) at a vacuum not greater 
than 10 cmHg (13.}30 Pal. A O.5-iJ.m. 25-mm Millipore 
filter was placed underneath the N uclepore filter to 
promote even dispersion of the sample on the Nucle-
pore filter (27). The filter was then rinsed with two 1· 
ml portions ofa rinse solution (distilled water with 0.1 
M Trizma-hydrochloride [pH 4.0J filtered through a 
O.22-l-lm Millipore Iliterl. ftooded with the primulin 
solution. and stained for 15 min without vacuum. The 
stain was then removed by gentle vacuum. and the 
filter was rinsed with two 2-ml portions of the rinse 
solution. The filter wa~ removed and placed on a thin 
film of immersion oil (Cargille type Alan a glass slide. 
specimen side up. One drop of oil wa:o. placed on the 
center of the filter, followed by a cover slip. 
A Zeiss standard microscope equipped with an 
HBO-SO mercury burner was used for all observations. 
A Neofluar x 100 objective lens (Planachromat and 
Planapochromat lenses will not work) and xl 0 eye-
pieces were employed. A x40 objective was found to 
be insufficient to determine detail on small (less than 5 
)J.ml nanoplankton. Filter sets used for the observation 
of fluorescence were as follows: for primulin. a G365 
exciter filter. an FT 420 chromatic beam splitter. and 
an LP41~ barrier filter (Zeiss filter set 487702L and for 
chlorophyll a. a BP450-490 exciter filter. an FT510 
chromatic beam splitter. and an LP520 barrier filter 
(Zeiss filter set 4877091. These filter sets were mount-
ed in a filter insert housing (Zeiss 466301 I, which 
allowed their rapid exchange. 
Two methods of enumeration were used. For estua-
rine and nearshore samples and laboratory cultures, 
microorganisms per field of view were counted. Fields 
were viewed first for primulin fluorescence to locate 
nanoplankton cells. and then for chlorophyll (/ ftuores-
cence (by changing the filter sel) to determine which of 
these cells were pigmented. The average number of 
cells per field of view was converted to organisms per 
milliliter by knowing the sample volume (xU.9. due to 
dilution during preservation), the area of the field of 
view. and the area of the filter covered by sample. 
using the equation: number of cells per ml = [(number 
of celisifieldHfunnel area/field area)]/[(O.9)(sample vol-
ume)). For oceanic samples. repeated scans across the 
filter were made at x 1.000. The length of each scan (in 
millimeters) was determined by using the mechanical 
stage division~. and the area observed was determined 
by the scan length multiplied by the field diameter. 
Repeated interchange of the tilter sets during each 
scan allowed determination of pigmented and nonpig-
mented cells. Care must be taken when scan'5 are made 
using the x 100 Zeiss Neofluar objective. This lens 
does not produce a completely flat field. and constant 
focusing is necessary to see cells near the edge of the 
field. The error generated by these two counting 
methods was comparable: the averaged coefficient of 
variation for both methods together was 10.8% for 80 
popUlation counts. 
I compared the accuracy of the primulin staining 
procedure with hemacytometer counts of five clonal 
cultures of phototrophic microflagellates and eight 
clonal cultures of heterotrophic microftagellates. The 
species of algae used were /s()chrysis Ralh£llw (strain 
ISO). Dilnaliella tertiolec[(t (DUN). IHOI1()('hrvsi~ lllth-
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cri (MONO), ChroO/llonas salina DC). and .l1icro-
momlJ sp. (DW-~l from the culture collection of 
R. R. L. Guillard. Five of the heterotrophic microflag-
eHates were marine: two species were isolated from 
coastal waters off Woods Hole, Mass. (Parapln'so-
montl5 sp. and Bicoecil sp.), and three species were 
isolated from the Sargasso Sea (RhYllc/Jomonlls sp. 
and two species of Bodo). The three remaining hetero-
Irophs (Acrinol/1oll£JS sp. and two species of Bodo) 
were freshwater species isolated from Lake Ontario. 
All heterotrophs were cultured on a mixed bacterial 
flora enriched by adding 0.01?(-· yeast extract to natural 
seawater or natural lake water. Phytoplankton were 
cultured in enriched seawater medium [/2 (9). Phyto-
plankton and protozoa were sampled during exponen-
tial growth and preserved in glutaraldehyde. Counts 
wer; made by using a Hausser Hy-Lite hemacytome-
ter and with the primulin epifluorescence technique. 
Most samples were diluted for the fluorescence tech-
nique. 
I also compared the existing procedures for epiftuo-
rescence microscopy used to enumerate phototrophic 
and heterotrophic nanoplankton. Natural samples 
from coastal and oceanic environments were counted 
bv the AD technique (11). the FlTC technique (28). the 
p~oflavine technique (20). and the primulin technique. 
There were minor changes in the other methods. (i) 
The Zeiss standard microscope equipped with an 
HBO-50 mercury burner was used instead of a 100-W 
tungsten-halogen lamp (20) or an Olympus Vanox 
microscope (11). (ii) Proflavine was added before 
preservation for only three samples (201. and Cargille 
type A immersion oil was substituted for type LF C!O). 
since use of the latter had no effect on the counts. 
The emission spectra of acridine crange, proflavine, 
FITC. and primulin were examined by using a Perkin-
Elmer MPF-3 fluoresct!nce spectrophotometer. Emis-
sion spectra between 520 and 700 nm were recorded 
for all four fluorochromes irradiated at 470 nm with a 
slit width of 40 nm. An emission slit width of 15 nm 
\vas used. The excitation wavelength and slit width 
were chosen to simulate the BP450-490 filter. The 
range of emission wavelengths represents visible light 
passing the barrier filter (LP5201. The emission spec-
trum for primulin between 420 and 700 nm was exam-
ined at an excitation wavelength 01'365 nm (slit width. 
40 nm). This excitation wavelength and slit width 
simulate the G365 filter. and the emission spectrum 
represents vi~ible light passing the barrier filter 
(LP4I8). 
RESULTS AND DISCUSSION 
Determination of the number of phototrophic 
nanopiankton is vital to the accurate enumera-
tion of heterotrophic nanoplankton. If chloro-
phyll a fluorescence cannot be observed in an 
organism, it is counted as a heterotroph. and an 
incorrect assessment of the proportion of het-
erotrophic and phototrophic organisms results. 
Examination of unstained preparations for pri-
mary fluorescence of chlorophyll a remains the 
most etfective method to determine the presence 
or absence of chlorophyll G, since no fluoro-
chrome is present to obscure chlorophyll u fluo-
rescence (6. 7, Ill. However, potential problems 
with this technique include counting paired or 
multiple Chloroplasts within a single organism as 
more than one organism, and underestimation of 
cell size (since the surrounding cytoplasm is 
often nonfluorescing). Furthermore, obtaining 
accurate counts of heterotrophs by determining 
the difference between total nanoplankton and 
phototrophic nanoplankton (AO technique: 11) 
is difficult in environments in which the photo-
trophs greatly outnumber the heterotrophs. 
Slide-to-slide variability may also affect the ratio 
of phototrophs to heterotrophs. since the AO 
procedure requires the preparation and enumer~ 
ation of two filters per sample. 
The proflavine and FITC procedures were 
developed to allow simultaneou~ counting of 
phototrophic and heterotrophic nanoplankton 
by using a fluorochrome stain which does not 
mask the red chiorophylill fluorescence. These 
techniques have simplified counting of hetero-
trophic nanoplankton. but the emission spectra 
for these fluorochromes indicate a potential for 
masking of chlorophyll a fluorescence. 
Figure 1 shows the emission spectra of AO. 
FITC, proflavine. and primulin under blue light 
excitation (Fig. 1 B) and the emission spectrum 
for primulin under UV excitation (Fig. lAL The 
unsuitability of AO as a means of identifying 
photosynthetic nanoplankton is shown by its 
relatively long wavelength emission spectrum. 
In theory, proflavine and FITC should not mask 
chlorophyll a. since their emission spectra (Fig. 
IB) are similar and quite distinct from the peak 
of chlorophyll a fluorescence at 668 nm (8), 
However. the use of a single filter set with these 
fluorochromes means that the light from chloro-
phyll a fluorescence. albeit a different color. 
must be visible within the brightly fluorescing 
cytoplasm. 
Primuiin fluoresced brightly. with a maximum 
at ca. 425 nm. when excited with UV light (Fig. 
lA). Primulin-stained celis fluoresced a bluish-
white color under UV excitation. Flagella were 
visible on many cells in the seawater samples. 
although they were often not immediately appar-
ent due to orientation or depth offield at 1.000 x . 
The fluorescence of primuiin under blue light 
excitation (BP450-490. used for chlorophyll (/ 
excitation) is substantially reduced (Fig. IB) 
relative to fluorescence under UV excitation 
(Fig, lAL making chlorophyll a fluorescence 
more obvious in primulin-stained cells. Thus. an 
examination for chlorophyll a fluorescence can 
be made on the same specimen simply by chang-
ing the filter set. due to the relatively nonover~ 
lapping excitation and emission spectra of prim-
ulin and chlorophyll. The efficacy of this 
procedure relies on a means of easy exchange of 
the two filter sets. 
Shifts in the emission spectra observed in Fig. 
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FIG. 1. Fluorescence emission spectra of primulin. proflavine, FITC. AO, and chlorophyll a. (Al Emission 
spectrum of primulin when excited at 365 om with a slit width of 40 om. (8) Emission spectra of primulin. 
proflavine. FITC. and AO when excited at 470 om with a slit width of 40 om. The same concentration of primulin 
was used for both types of excitation. The chlorophyll a emission spectrum was taken from French et al. (18). 
1 may occur due to binding of the fluorochrome 
or changes in the exact spectral quality of the 
excitation beam. The extent of these differences 
is unknown. However. Haas (20) noted thal 
proflavine caused detritus to fluoresce pink. 
This suggests a shift to longer emission wave-
lengths. 
Staining characteristics of primulin. AO. 
FITC. and proflavine are shown for a small 
phytoflagellate (/v/icromonas sp.) in Fig. 2. Un-
stained preparations (Fig. 2A) show the red 
autofluorescence of chlorophyll a. Organisms 
stained with AO (Fig. 2B) fluoresce bright or-
ange to red. masking chlorophyll a fluorescence. 
Primulin-stained preparations (Fig. 2C) excited 
the UV light fluoresce brightly. but under blue 
light (Fig. 2D) fluorescence is greatly reduced. 
making the chlorophyll a easily visible. Chloro-
phyll a fluorescence of FITC-stained (Fig. 2E) 
and proflavine-stained (Fig. 2F) preparations 
was less apparent than for primulin-stained 
preparations. Although the colors of the FITC 
(green) and proflavine (yellow) are distinct from 
the red chlorophyll a fluorescence. the intensity 
of the fluorochrome fluorescence masks that of 
chlorophyll a. especially in small cells (Fig. 2). 
Chlorophyll a fluorescence in larger phototroph-
ic nanoplankton is more intense. and not as 
easily masked by the fluorochrome. 
A comparison between the counts obtained by 
hemacytometer and by primulin epiftuorescence 
is given in Table 1. The counts were not signifi-
cantly different (Wilcoxon rank sum test. 0. = 
0.05) for the microalgae and protozoa tested. 
A comparison of the AO. FITC. proflavine. 
and primulin counts of 10 nearshore and oceanic 
samples is given in Table 2. Unstained prepara-
tions (no fluorochromes added) were counted 
for the number of phototrophic nanoplankton as 
part of the AO technique and were used as a 
means of comparing the counts of phototrophic 
nanoplankton for the FITC. proflavine. and 
primulin methods. The AO counts were as-
sumed to indicate total nanoplankwn (11) to 
which the other techniques were compared. 
The results of the primulin technique agreed 
well with those of the AO technique. In one 
sample. the count of phototrophic cells was 
significantly greater than that in the unstained 
preparation. and in one sample. the total nano-
plankton were significantly fewer than with the 
AO count. In contrast. the FITC counts indicat-
ed significantly fewer phototrophic cells than the 
unstained counts in nine samples. Total nano-
plankton for this staining procedure were also 
significantly fewer than the AO counts in nine 
samples. indicating an underestimation of both 
phototrophic and total nanoplankton by the 
FITC technique. Averages for the 10 samples by 
the FITC technique were 56o/c of the number of 
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FiG. 2. Photomicrographs of .Hicmmonas sp. (A) 
cnstained preparation sho\ving autofluorescence of 
chlorophyll. (8) AO~stained preparation. :--;-ote that the 
orange color of the AO ma:-;ks the red chlorophyll 
fluorescence. ~C and 0) Primulin-stained preparation 
irradiated with U\" light (e) 10 preferentially excite 
primulin and blue light ~ DJ to preferentially excite 
chlorophyll a. (EJ FITC-~tajned preraration. (F~ Pro-
ftavine-stained preparation. Bar. 2 j.1m. 
phototrophic nanoplankton (relative to un-
stained preparations) and 64<;;;- of the number of 
total nanorlankton (reiative to the A.O prepara-
tions). FITC stains some detritus intensely. 
.\-lany organisms in the sample') were associated 
with particles. and it is probable that they were 
not visible becau'1e of this high background fluo-
rescence. This might explain why fe\ver photo-
trophic nanopiankton (\\ hich should have been 
visible due to chlorophyll (I autofluorescence) 
were obsen-ed in nine samples rdative to the 
unstained preparations. Sherr and Sherr (18) 
noted a decrease in the number of heterotrophic 
and phototrophic nanoplankton (as shown by 
the FITC technique) in preserved sampks of 46 
and 18~>c. respectively, after.:l- \veeks of storage 
at sec. but they observed no decrease after :: 
\veeks or storage. Alternatively. the results for 
the FITC technique (Table 2) may indicate that 
these decrea<.,e':i occur sooner than :2 weeb for 
natural ':iamples. 
Four prol1avine-staincd samples had signifi-
cantly fewer phototrophic cells relative to un-
stained preparations. whereas only two samples 
had significantly fewer total nanoplankton than 
AO counts (Table 2), This suggests that some 
phototrophic nanoplankton were included in the 
counts of heterotrophs. Staining of detritus may 
also explain some of the discrepancies in the 
protlavine counts. Proflavine often causes Jetrl-
tus to fluoresce pink (20), leading to an inability 
to distinguish chlorophyll a fluorescence in pho-
totrophic organisms on or ncar particies. In one 
sample. the number of phototrophic cells ex-
ceeded that in the unstained preparation. This 
was the same sample that gave a higher photo~ 
troph count with the primulin method. 
The inevitable result of overstaining with pro-
flavine and FITC is a masking of chlorophyll a 
fluorescence. since the same filter set is used for 
tluorochrome ami chlorophyll a excitation. 
Oventaining can calise the incorrect identifica-
tion of phototrophs as heterotrophs. resulting in 
an underestimation of the number of photo-
trophs and an overestimation of the number of 
heterotrophs. L nder<;taining can result in an 
underestimation of the number of heterotrophs 
and. in turn. in the total number of nanoplank* 
ton. since poorly stained cells may be over-
looked. Both of these .... nifacts (Underestimation 
of phototrophs and underestimation of total 
nanoplankton) are apparent in Table 2 for the 
proflavine and FITC procedure~. Primulin al-
!o\liS slight overstaining of nanoplankton wirhout 
significant masking of chlorophyll fluorescence 
due to the minimal overlap betw·een primulin 
TABLE !. Comparison of direct counts of clonal 
cultures for rive ~pecies of photosynthetic flagellates 












Bodo sp. 1 
Bodo sp. 2 
A.ctinolnonas sp. 
Bodo sp. 1 (freshwater) 
Bodo sp. "2 (freshwater) 
Direct count (X 10' .:clb per 
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TABLE , C;Jun~~ of rhDt~l'iymheuc !PmH101. neterolfllphic (Hnun,)l. anJ iOta! Cfnano! nilnoplankton for 
four near~hore and "ix occam;..: stations" 
Sample descripuon i .late Parameter 
:'-i~w"lp!unkl()n counl in the f,'Ii!owing: pn:pn. 
and locution) ---~ --'._--- ... -.,,------- _. --.-----Primu!in FlTC Profia\'ine 
---_._.----- -~-,--- '._.---- ., .--- -




lOlRfS2 Hnano 1. 51 x l(;·i 1.9::-l A 10,' 1.65 x 10" 
; Woods Hole. Mass. Tnano 5.45 x 10' 5.75 x 10" }.84 , lOJ* 4.36 ~>( 10' 
\'ineyard Sound Pmmo 5.08 >< 10' 5,13 A 10'\ .3AO x W-'~ 4.35 y lOh 
10/1.;,'.82 Hnam') i 71 x 10'\ 1.70 , 103 1.48 X 105 
Falmouth. Mass. Tnano 6.lj6 "< 103 6,84 x 10' 5.10 x 10-'''' 5.83 / 10'''' 
Head of 13uuurds Bay Pnano 1. 79 , 103 1.94 
" 
10' 1.46 ;, 10'>'" 1.77 X ]03 
10/12/82 Hnano 2.3-!- x 103 1.0& x 10" ],34 x 1 j) 
Buzzards Bay, Mu!'.!:.. TnanQ 4,19 >' 10' 4.::!g y 10J 2.52 X 1{)"" ·U2 1(}' 
Wo{)d~ Hole Harbor Poano J,04 x 10' J,24 X 103 2.61 .': 10~ 2,47 x 10" 
10111/82 Hoano 2.Q -Of; 10:' 2.ofS x 10-' 2.31 X [OJ 
Wo(}d~ Hole. rvtns~. Tnano 5.50 x 10' 5.38 , 103 5.29 , 10-' 4.n x 10-'* 
Sargasso Seo. (surface) Pnan<;) 2.U4 x 102 2.sg \( 102 :<24 x 10)"- 1.79 x 10' 
IOi29l~2 Hnano 7.03 ,; 10' 2,5(, x 10' 63~ x Hf 
34'44' N 7{)'(lO' W Tnano <-IJ16 x 10' 9.61 x 10' 3.09 x 10> 8,17 x 10' 
Sargasso Sea {surface) PnanD 2..+3 x 102 3.66 / 10' 1.60 x I i)~-" 2.17 x 10' 
I (V31V82 Hmmo 1.24- y 10;' 6.:9 x In" I" / IOJ 
33<>57' N 70~()()' W Tnano UK , to' 1.61 iO-' x.-:!o ): lll'x L~8 :-< lO~ 
Sargasso Sea j:mrfacc) Pnano 2.~6 x iO~ 1.}4 x 10' 9,lR X lOh' 1.44 x w::.'" 
10/31182 Hnano ... Pl .:..-t" x 10' 4.]0 , 102 5.46 , j(J" 
34"04' N 70""08' w Tnano 7.52 x 10' 4.ft:, w>" 5.11 " 10" 6.90 x, lO~ 
Sargasso Sea l:"urbce) Pnano :.27 x lOz 3.33 x 10'> 1.29 , '0> 3.5t , 10'-
l1/2/82 Hnano n.63 , 10' ..t.60 to:: 9.00 x IO~ 
35~40' t..; 69°33' IV Tn<:lno U4 x to} '1.96 , 10':: 5.88 / JO;"'" 1.25 ,x 10J 
Sargas,:>o Sea 120 meters) Pmmo 5.10 .X 10: 4.8.7 10' 3.Sb ,'. 1j;::'" 5.:4 x 1 0' 
J li2/~L2 Hn<W(l 4.50 x W~ ·L~O y l{l! 3.76 tOe 
30'"26 ' N 69"14' W Tnano 9.141{ x 10' 9,37 jll' 7.Sn _x: 100. 9.00 , 10' 
Cnotinental shelf edge Pnano 5.44- 10' 4.67 x 10' 11'7 X iOh ' 3.()9 X lOCI", 
1suriace) 
It/4!8l Hnnno 1. fl.;;' 
" 
1{)' 1.(17 10' 1.87 x to-' 
39°43 ' N 7Qc LY IV Tnano &.43 , II)' 6.35 , 10' ::.X4 j(j--\;' 5.% , In' 
" Count:. ufunstaincu and AO-stnined Pf.-.:paration-. \vere u:;l!tl ~\s an inli;:x of Pmmo and Tn;'!ll() ror C01npiln~un 
of the Frrc. pr\)ftJ.\' ine and pnmulin technique::.. An a"t('n~k I "j indicates ;, :-.igniti.;nnl!Y it)wer r.:ount (Wiicoxon 
rank sum test. u :-;= 0_0.:') relative to the unMained (If AO count. i\ plus j '," i indicate:; J 'ilgnitkan!iv n!g:hcr count 
than the um,tamcd or AD count. The Ee! Pond. Head of Huzz:.trds Buy. ami Wood" Hok Harbor <;amples \Vefl! 
:;tained with proflavine before presen'ation 1.20). The remaining iwnpi.::s \\~re :;\ained i.ifler rreserv;;tion. 
and chlorophyll ex.citation anJ emission spectra. 
Masking: of chlorophyll a fluoresce-nce may bl;; 
augm.::nted by the gradual loss of the intensity of 
ch!orophyH II t1uore~cence in preserved :c;am· 
pies. and by th~ predominance of small (less 
than 5 il-rnl phowtrophic l)rganisms. The latter 
situation \\'3S noted by Davls. and Siehunh ill). 
who observed fe\'.'a phototrophic nanop!ankton 
when u.;;ing pronavine (relative to the unstained/ 
A<J technique), This difference \vas panJeuiarty 
J.cute for cells .2 to 3 f.L0) in diameter. The 
Sarg::J.~~o Sea :-:ampks enumeraled in this study 
\-\·ere.J to S Jays old when coul11~\.L and both age 
and ~mall cd! size may have caused some of the 
ohserved Jiscrepancies among techniqu!O!s (Ta~ 
ble 2L 
I'he primulin technique prop\)"i(.'d here pro· 
vide,:, a more accurate method (although slightly 
more complicateti) than the FITC and proflavine 
techniyucs for thl? emlfneration of phottHrophic 
and hett.:!rOlrophic nanoplankton. The use of t\VO 
filter sets v,--hich can be easily and quickly ex· 
changed is a necessity for the ?nmulin method. 
Thj,:', is not a requirement for the proflavine and 
FITC methods. Proflavine may abo be used tv 
.:ount bact.-;ria present In a sample :'iimu!taneous~ 
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II' (::;0). although these Cl)Unts arp~ar to be 
inferior to DAP! (oun'(~ !P. W, J\.~hnson and 
J. M. Siehunh. persona! comm!Ji1ic~ltjonL i\l~ 
tbough primuiin has been used to iJt;rHify al,gue 
(5), ib accuracy for bacterial enumeration IS 
d~.)ubfful (Unpublished dati.l). Tbe AO mcthotl 
provides accuracy (i.)nlparahie to thai Df the 
primulin mcrhod. but the nct!d for two prepara~ 
tions per sample anu other potential probJem,~ 
previously mentioneti reduce its usefulness rela-
tive to rhe primu!in method. 
A recent goal of direct counting techniques for 
heterotrophic nanoplankton has heen an accu~ 
rat~ appraisal of the number of bacterivoruus 
mjcroflage!1ate~ in plankton communities (17, 
28), As with most assemblages of organisms 
hased on size classes. however, the hetcrotroph-
it.: nanoplankton i<.; a heterogeneous assemblage. 
in addition to bacterivoruus mlCfofiage!lates and 
their cysts tre..:ent work by Fenchel I16J suggests 
that cysts are of minor importance for nearshore 
communities), some mlcrotlageHates are also 
capable \)f ingesting phytop!ankwn nearly their 
own size CO). The heterotrophic nunop!::lokton 
may also indude such diverse groups as the 
gametes of planktonic protozoa or metazoa (1. 
38') and thos.e of bn:.)1,.Vfl algae and phycomycetes 
Oll. Another unknown i~ the percemage of 
..:.hlorophyll-coniuining. microftageUates which 
partially or mosrly function as heterotrophs i 14J. 
At presenL these complications Vii arrant caution 
in the use ()f dire.::t CDUm'i as an unequivocal 
measure of bacterivorous microflage!latt! den~i· 
lies and in the ')ub"icquent use of these numbers 
to e!';timate tht! impact Wh1Ch mlcroprotozoa 
have on natural ba~:teria! as~embbge5 07. 2tH. 
Most-probahle~number cultural methods gen~ 
erally YJeld estimates of bacterivofOus micro-
flagellates well bdow direct counts in oceanic 
waters r:::5: unpublished data,). This is due in part 
to an inability to culture fasiidious species of 
bacterivorous protozon present in the open 
ocean, Fairly close agreement between most-
probable-number estimates and direct count, 
has been observed for inshore waters (lJ). 
These latter rcsult~ '\uggest that M least for 
inshore environments. the relative importance 
of hactenvorous microftagellates in the hetero~ 
trophic nanoplankton may be high, A more 
I.:ompiete charJcterizarion of the trophic modes 
or microftagellate species in all plankwn C\1m-
munities awaits investigation.. At present, Jirect 
counting procedures represent the hest av<!ilable 
technique for the rapid and accurate estimalion 
of this component of planktonic communities, 
and a means of investigating trophic relarion-
~hips among planktonic microorganisms (6, 7), 
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Protozoa in Oceanic Macroaggregates 
Abstract. Oceanic macroaRgregates (marine snow and Rhizosolenia mats) sam~ 
pledFom the Sargasso Sea are associated witH hacterilll (ind pr(}[OZOlln popu/cuiolls 
up to four orders of magnitude greater than those present in samples jl"om the 
sUrfollndinf{ warer. FilameHtONs, curved. and spiral hacteria cmlstilUted (( higher 
propurtion of the bacteria associmed with the particles lhan \;>Cri! found among 
bacteria in the surrounding waler. Protozoan populations Ivett> dominated fwmeri~ 
cally by heter01rophic microflageilates. hut cilioU's and amoehas were ai:;o ob~ 
served. Macroaggregates aTe highly enriched heterotrophic micrvenvironments in 
the oceans and may be signijiulfIl for the cycling of particulate organic multer in 
planktonic food chains. 
Macroscopic aggregates appear to be 
ubiquitous in the planktonic environ-
ment. where they provide enriched mi~ 
croenvironments of nutrients and nrgan~ 
Ie carbon for both autotrophic and het-
erotrophic processes in the oligotrophic 
ocean (1-3). They may be nutritionally 
valuable for zooplankton and. nekton 
grazing on them t4. 5) and are important 
in the flux of organic carbon (0 the deep 
sea U. 6. 7). Despite qualitative visual 
ob!»ervations of high concentrations of 
bacteria and protozoa on macroscopic 
aggregates tBl, the potential importance 
of heterotrophk microorganisms in these 
microenvironments has received iitde at-
tention (3, 9). \Ve now report the results 
of it preliminary examination of marine 
snow (detrital aggregates of heteroge~ 
neous origin) and Rhizosolenia mats U. 
fO) collected in the southern Sargasso 
Sea by divers. Bacteria and bacterivor w 
ous protozoa in these microcommunities 
occurred in densities 10 to Hl4 times that 
of the same populations in the surround-
ing water. 
Samples of marine snow and Rhizvso-
tenia mats were collected by divers from 
the surface to 25 m depth at three loca-
tions in the mid~Atlantic (Table l) on 
R.V. Atlantis cruise 109-Bl (August 
198i). Rhizosolenia mats are composed 
of two cohabiting species of this diatom 
genus (i) that form discrete. cohesive 
patches, approximately 2 to 5 em in 
diameter. in the water. Marine snow may 
originate from various sources (4. ! J-
13). ¥./e have identified two sources of 
labile organic material that may give rise 
to marine snow in the oligotrophic 
ocean. The first are the muc!..!s feeding 
webs made by thecosomatous pteropods 
to e~lpture micro.looplankton and phyto-
plankton (1.4). We observed numerous 
spherical or oval mucus bu.bbles. 1 to 4 
em in diameter, some of which had the 
pteropod Creseis virguia hanging be-
neath them. Where abandoned by the 
pteropods, these webs constitute a mass 
of organk carbon aiready ino.::ula{ed 
with microorganisms. The second poten-
tia! source of marine snow is suggested 
by our experience in collecting cteno~ 
phores (5). \Vhen disturbed, these ani-
mals slough sheetlike veils of mucus into 
the water. 'We do not yet know if this 15 a 
normal cleansing procedure, as in cowls. 
or a response to ",tress. but the quantity 
of mucus released suggests that this ma-
terial could be an important source of 
marine snow, 
Sterile 20~ml plastic syringes were 
used to sample Rhi:;.o.wf.enia mats and. 
marine snow 50 as to minimize contamiN 
nation and reduce the volume of sur~ 
rounding water while allowing collection 
of weakly aHached microbial popula-
tions. Sample volumes of diatom mats 
and marine snow ranged from 0.4 to 5.8 
ml. \Ve could identify approximately haJf 
of the marine snow aggregates as aban-
doned pteropod mucus webs by their 
shape and texture; the reSt of the agg:re~ 
gates were unidentifiable. 
Tabie 1 gives [he results of direct 
epifi.uorescence counts of ba(:~teria~ total 
nanoplankton (heterotrophic and photo-
synthetic flagellates) (16). a~d Tri· 
chodesmium spp. filaments and Rhizoso-
lenia spp. frustu!e:s., and most probable 
number CMPN) cultural estimates for 
protozoa on marine snow and Rhi;'os(Jw 
lenia mat samples, Bacteria were count-
ed by staining with 4' ,6-diamidino-2-
phenylindole (17) and totat nanoplankton 
by staining with acridine orange (16). We 
estimate that in the initial collection. the 
aggregates 'vere diluted 1.5 to 6 times 
with <;urrounding water and that popula-
tion densities of microorganisms for ag~ 
gregate samples are therefore ;:;;lightly 
underestimated. Aggrcgare volume ~s 
probably a poorer measure of the actual 
siz1! of the microbial habitat than is total 
surface area of the aggregate. U nfortu-
nately. the convoluted structure of the 
aggregates makes the latter parameter 
impo'Ssibie to measure. 
Total bacterial densities in the aggre~ 
gate sampJes -exceeded den'5itics. of free 
bacteria by two to more than 100 times 
(without correcting for aggregate dilution 
by surrounding water), averaging an 18-
fold. enrichment over bacterioplankton 
concentration U8t Aggregate and sur-
rounding water samples also differed in 
the distribution of the morphological 
types of bactt:ria. Noncoccoid forms 
(rods, spirals. filaments, and curved 
rods) constituted 54 percent of the bacte-
ria in the aggregate samples. hut only 21 
Table I. Direct microscopic counts (epifiuorescence) and most probable number (!\-1PN) cultural eitimates of the microorganisms present on 
macroaggreg-<1tes sampled at three stations in the sQll[hern S<:rgassQ Sea CZ4"3D'N. 5.:FO;'W: 24~30'N. 62"02'W; 24"30'"N". 68~33'W), Comrols 
(surrounding water) were co!ie<;ted at 1 m and at 35 m in acid·rinsed (1/\' HCl) Niskin bottles, UN indicates that no organisms were observed at 
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percent of the bacteriopiankton samples. 
The noncoccoid ceUs in the aggregates 
included many extremely long filamen-
tous and spirochete-like bacteria never 
observed in the surrounding water (Fig. 
I. A to C). Therefore. numerical differ-
ences between bacterioplankton popula-
tions and bacterial populations on aggre-
gates acmally underestimated differ-
ences in bacterial biomass. As judged 
from bacterial volume estimates in ag-
gregate and control samples. bacterial 
biomass \vould be. on average. 43 times 
greater than control for marine snow and 
66 times for Rhizosolenia mats (}9). 
Previous estimates of bacterial con-
centrations on particles (including ma-
rine snow) have been relatively low-
equal to or less than typical concentra-
tions of bacteria from the water (], 9. 20. 
21), These low estimates may be due to a 
number of factors. including the age of 
the aggregates (that is. the stage of mi-
crobia! colonization) or the amount of 
labile organic material initially present in 
the aggregate. but in some cases may be 
due to inaccuracies of the enumeration 
techniques (22). 
Direct counts of total nanoplankton (2-
to 20-fJ,ffi ceils) in the aggregates ranged 
from 4.1 x !O3 to 285.7 x IO~ cells per 
milliliter. exceeding the popUlation in the 
surrounding water by five to more than 
370 times. These populations contained 
both photosynthetic forms and hetero-
trophic protozoa. but samples were not 
examined quickly enough to determine 
the relative numbers of these subgroups 
Fig. I. Bacteria and protozoa associated with marine snow. (A to C) Epifluore!>cence 
photomicrographs of diamidinophenylindole·stained bacteria associated with marin-e snow fA 
and B) and free bacteria in the surrounding water (C). Scale bars. 10 )..lm. (D to G) 
Representative protozoa cultured from marine snow. Electron micrographs of ammonium 
molybdate-stained specimens of the flagellate Parllph.vsomonas imperf()rtlla (01 and an 
unidentified biflagellate (E) cultured from mucus of the ctenophore LcucOfilea lrIullicornis. 
Scale bars. I fl-m. The ciliates Ellp/v{f!s sp. (dividing form. differentia! interference micro~copYJ 
(F) and Peri!romus sp. (phase-contrast microscopy) (G) cultured from marine snow. Scale bars, 
50 )..lrn. 
(23), Larger phytoplankters consisted al-
most entirely of species of Trichodes-
mil/In or Rhizoso/ellia. Trichodesmium 
was present in high densities in all ma-
rine snow samples. whereas Rhi::.oso-
tenia was observed in only two marine 
snow samples. 
Enumeration of protozoa was done by 
the MPN cultural technique (24). Bacter-
ivorous flagellates were the most preva~ 
lent of the cultured protozoa. Approxi-
mately 50 percent of these were bodo~ 
nids, but other small (less than 5 fJ,m) 
mono- and bifiagellates such as Paraphy-
somonas imperfora[(l. (Fig. I, D and E) 
were present. Estimated flagellate densi-
ty was highly variable (3 to 70.000 cells 
per milliliter). but was demonstrable in 
all samples. ~umbers of heterotrophic 
flagellates from the macroaggregates ex-
ceeded the average MPN estimates of 
protozoa from the surrounding \\'ater by 
I to 4 orders of magnitude. Amoebas, 
primarily of the family Paramoebidae. 
and bacterivorous ciliate" were less com-
mon. ranging from .3 to 23 cells per 
milliliter when present (25). Amoebas 
and ciliates were not always found in the 
culture with the lowest dilution (repre-
senting 0.1 ml of the initial aggregate 
sample). However, their numbers may 
still be greater than the reported values 
for bacterivorous ciliates and amoebas 
from free water samples (24, 26). Direct 
epifluorescence counts of total nano-
plankton exceeded tht: cultural estimates 
of protozoa in all cases, presumably be-
cause of the presence of photosynthetic 
forms and of heterotrophic flagellates 
that did not grow in culture. 
The different aggregate samples vaned 
considerably in counts of bacteria. nano-
plankton. and larger phytoplankton. This 
may be due partly to the degree of dilu-
tion of aggregates during collection. but 
differences in the microbial popUlations 
on the aggregates would also be expect-
ed because of differences in the composi-
tion and colonization histories of the 
aggregates. 
Our preliminary investigation of the 
microbiological populmions associated 
with marine snow and Rhiz()so/enia mats 
indicates that these aggregates can pro-
vide a microenvironment of elevated het-
erotrophic microbial activity. These pop-
ulations may serve directly as a food 
source for surface-dwelling and deep-sea 
organisms that feed on or in the aggre-
gates. Bacteria and protozoa may be 
more nutritionally important than the 
digestion-resistant photorrophs that also 
characterize marine snow (3, 27). Micro-
bial activity may increase the overall 
nutritional value of the aggregates to 
grazers by reducing the carbon-to-nitro-
~CII IdliU UI uy ",UUVCILIUg ICli:1lIVCIY IC-
fractor organic compounds into digest-
ible material or recyclable nutrients (2). 
Finally, high bacterial concentrations in 
macroaggregates may explain the occur-
rence ofbacterivorous ciliates in an envi-
ronment where bacterioplankton con-
centrations may be too low to support 
ciliate growth (28). Some species ob-
served in this study are more typical of a 
benthic than a planktonic environment 
[for example, Peritromus (Heterotri-
• chida) and Euplotes (Hypotrichida) (Fig. 
t, F and G)]. Macroaggregates in the 
open ocean constitute microenviron-
ments which, like the sea-air interface 
(29), are sites of elevated .heterotrophic 
microbial activity in an ~therwise oligo-
trophic environment. 
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ABSTRACT 
Chroococcoid cyanobacteria (0.7-1.3 pm in diameter) we~e discovered to be 
a significant component of the Lake Ontario plankton. Using epifluorescence 
microscopy, the densities of these microorganisms were found to vary by 4 
orders of magnitude with a single large peak in abundance (6.5 x 105 cells 
-1 
ml ) corresponding to the time of maximum water temperature. The 
morphology and abundance of these cyanobacteria were similar to those 
previously found in oceanic systems. They constituted 10% of the bacterial 
numbers in the epilimnion during this period, approximately 40% of the biomass 
of prokaryotes less than 2.0 pm, and 30% of the biomass of all microorganisms 
less than 20 pm in size. Size fractionation studies indicated that they were 
responsible for approximately 38% of the total primary production during times 
of peak abundance, and were important in phosphorus uptake. Cyanobacteria 
observed in the food vacuoles of heterotrophic microflagellates and in the 
guts of rotifers suggest that these organisms may be important consumers of 
this prokaryote population. 
Chroococcoid cyanobacteria (0.5-2.0 pm) are photosynthetic, prokaryotic 
microorganisms that have only recently been shown to be an important component 
of oceanic plankton communities (1,2,3). They were overlooked in earlier 
studies because the conventional Utermohl settling technique for counting 
phytoplankton (4) is inappropriate for such small cells. Single cells settle 
too slowly and are often indistinguishable from the more numerous 
heterotrophic bacteria. Epifluorescence microscopical techniques used for 
counting bacteria also overlooked these phototrophs, because they use stains 
which do not differentiate cyanobacteria from bacteria. Cyanobacteria can 
contribute significantly to total primary production in the open ocean (5,6), 
and thus may constitute a significant source of organic carbon for organisms 
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capable of grazing picoplankton-sized cells (0.2-2.0 pm). There have been 
recent isolated reports of their presence in fresh water plankton (7,8,9) but 
their relative importance has not been quantified. Even in marine systems 
(1,2,3) there are no published reports which include a temperature depth-time 
relationship. 
Observations in July 1981 revealed maximum densities of chroococcoid 
cyanobacteria of 7.46 x 105 ml- l in central Lake Ontario, indicating that 
these microorganisms could function importantly in the lake. Samples were 
collected from April to November, 1982 at 3 stations located on a transect 
across the lake as part of a major investigation of the degree and duration of 
phosphorus limitation of the plankton and changes in community composition 
during that period. Station 401 was near the north shore (43 0 3S'39nN 
780 lS'34nW), station 403 was near the mid lake region (43 0 3S'3SnN 
78 0 l3'ssnw) and station 405 near the south shore (43 0 23'S4nN 
78°l2'11nW). Water samples for vertical profiles were collected using 
Niskin bottles, and temperature was measured using an electronic 
bathythermograph. Water samples were preserved in glutaraldehyde (1. 0% V IV) 
buffered with 0.1 ~ Na-cacodylate at pH = 7.0. 
Water samples were enumerated for bacteria, chroococcoid cyanobacteria, 
and phototrophic and heterotrophic nanoplankton (2-20 pm in diameter) by 
epifluorescence microscopy using a Zeiss Standard microscope equipped with a 
SOW or 100W mercury lamp. Bacteria were counted using the DAPI technique (10) 
_____ with a final stain concentration of 1.0 pg ml- l _. A G36S exciter filter, an 
FT420 chromatic beam splitter, and an LP418 barrier filter were used for 
observing the bacteria. Chroococcoid cyanobacteria were counted on 
pre-stained Nuclepore filters (11) by autofluorescence using a BP4S0-490 
exciter filter, an FTSIO chromatic beam splitter and an LPS20 barrier filter. 
Yellow autofluorescent picoplankton were enumerated as cyanobacteria. The 
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yellow fluorescence is indicative of the phycobiliprotein phycoerythrin. This 
counting procedure may slightly underestimate the number of cyanobacteria by 
eliminating those cells not possessing phycoerythrin. However, during the 
study autofluorescent picoplankton was highly dominated by yellow-fluorescing 
cells, obviating more detailed procedures for counting cyanobacteria lacking 
phycoerythrin (12). Nanoplankton were visualized by filtering water onto 0.22 
o 
or 0.45 pm pore size Millipore filters, drying at 60 C for 15 minutes, and 
then clearing with Cargille immersion oil type A. Heterotrophic nanoplankton 
processed in this way fluoresced a dull green color. Phototrophic 
nanoplankton were distinguished from heterotrophs by the red autofluorescence 
of chlorophyll~. This method of enumerating nanoplankton gave results 
comparable to those obtained using fluorochrome stains to visualize 
heterotrophic cells (13). 
Biomass estimates were calculated for the microbial populations from 
population density and biovolume measurements determined by microscopical 
observations. Bacteria were recorded as cocci (X = 0.5 pm in diameter) or 
rods (X = 0.2 x 0.7 pm) and biovolume for these cells was calculated as volume 
of a sphere and volume of a cylinder, respectively. Biovolume of 
cyanobacteria (X = 1.0 pm in diameter), and phototrophic and heterotrophic 
nanoplankton (X = 3.5 pm in diameter) were calculated as volume of a sphere. 
Biovolume for all populations was converted to wet weight assuming a specific 
gravity of 1.0. 
The chroococcoid cyanobacteria present in Lake Ontario were dominated by 
spherical cells ranging in size from 0.7 to 1.3 ~m in diameter (Fig. lA), and 
were often present in irregular clumps or in tetrads. Two examples of 
vertical profiles of cyanobacterial density are given in Fig. lB for Station 
403 at a time when the water was isothermal (April), and at a time when the 
water was thermally stratified (August). The corresponding temperature 
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profiles are given in Fig. lC. High densities of chroococcoid cyanobacteria 
(>105 ml-l ) were observed in the surface water during the period of 
thermal stratification. Below the 
isothermal water, cell counts were 
thermocline, and during the period 
3 ~ 
substantially lower « 10 ml ). 
of cold 
The seasonal distribution of chroococcoid cyanobacteria at 5 m in central 
Lake Ontario showed a strong correlation with temperature (Fig. lD). 
Cyanobacterial numbers increased rapidly beginning in late June and maximum 
abundance coincided with maximum water temperature (22oC) during August. 
The magnitude of the seasonal increase in cyanobacteria at Station 403 
(approximately 3 to 4 orders of magnitude) is comparable to the difference of 
cyanobacterial abundance above and below the thermocline during August. At 
Station 403, cyanobacterial numbers increased logarithmically from early June 
to near the end of July with an apparent net doubling time of 8 days. 
Obviously, this does not represent a true doubling time as we do not know the 
impact of grazing and other losses to the population. Nevertheless, it 
provides a minimum growth rate during this warming period (4-l7oC). 
Cyanobacterial abundance from 0 to 15 m was positively correlated with 
temperature for all 3 stations in Lake Ontario throughout the study period 
(Fig. IE). This correlation has also been noted for chroococcoid 
cyanobacteria in temperate marine waters and agrees with laboratory culture 
work (J.B. Waterbury, pers. comm.). 
The numerical and biomass contributions of chroococcoid cyanobacteria to 
the total pico- and nanoplankton are given in Table 1 for 5 m water at Station 
403 in April and August. Bacteria were numerically dominant in both samples. 
Cyanobacteria were second in abundance during August, but were less abundant 
than the nanoplankton in April. The biomass of the cyanobacteria at 5 m in 
August was 32% of the total microbial plankton less than 20 pm, 70% of the 
biomass of primary producers in this same size fraction, and 39% of the 
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prokaryote biomass. The biomass of cyanobacteria was insignificant in April. 
When summed over the whole water column, cyanobacterial biomass in August was 
15% of the total microbial biomass less than 20 pm, 30% of the primary 
producers, and 26% of the prokaryote biomass. The reduced importance of the 
cyanobacteria when summed over the entire water column is due to their 
restriction to water above the thermocline. While the density of the other 
microbial populations also decreased with depth, the magnitude of the decrease 
was greater for the cyanobacteria. 
Phytoplankton studies in Lake Ontario have not previously reported 
chroococcoid cyanobacteria (14,15). Size fractionation using 5.0, 1.0 and 0.2 
pm pore size Nuclepore polycarbonate filters (16) showed that 54.3% of the 
chroococcoid cyanobacteria was in the range of 1.0-5.0 pm but 30.3% passed the 
1.0 pm filter (Table 1). Nearly all of the phototrophic nanoplankton were in 
the 1.0-5.0 pm fraction. The primary production by the> 5.0, 1.0-5.0 and 
<1.0 pm fractions was 23.7, 64.7 and 11.6% of the total, respectively. The 
cyanobacteria were the only photosynthetic organisms in the <: 1.0 pm 
fraction. If these cells are indicative of the activity of all chroococcoid 
cyanobacteria, then the predicted rate for all the chroococcoid cyanobacteria 
would be 38% of the total primary production. 
The size distribution for uptake of radioactive phosphate at ambient and 
phosphate enriched conditions has been discussed in more detail by Lean (16). 
The uptake of phosphate by the> 5.0, 1.0-5.0 and <: 1.0 pm fractions was 2, 54 
and 44% at ambient phosphate concentrations but shifted to 16, 69 and 16%, 
respectively, with added phosphate. These results suggest that the 
chroococcoid cyanobacteria were important in phosphorus metabolism at that 
time. 14 However, unlike that for C primary productivity, it was not 
possible to estimate uptake of phosphate attributable to cyanobacteria alone 
because the bacterial population in the <: 1.0 pm fraction might also be 
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responsible for phosphate uptake. Lehman and Sandgren (17) noted a marked 
capability of phosphate uptake by picoplankton (bacteria and cyanobacteria) in 
a Michigan lake. These results, together with recent studies documenting the 
occurrence of chroococcoid cyanobacteria in freshwater (7,8,9), indicate that 
these microorganisms may contribute significantly to primary productivity and 
nutrient cycling in freshwater ecosystems. A reexamination is warranted to 
determine the ubiquitousness of these microorganisms in freshwater. 
The biomass of chroococcoid cyanobacteria observed in this study suggests 
that they may be an important food source for picoplankton consumers. They 
were commonly observed in the food vacuoles of heterotrophic microflagellates 
from the epilimnion. Up to 15% of the population of microflagellates 
contained ingested cyanobacteria when cyanobacterial densities exceeded 105 
-1 
ml • Ingestion rates by microflagellates were not determined in this 
study, but high population densities of heterotrophic nanoplankton (Table 1) 
suggest that these microorganisms may be important consumers of 
cyanobacteria. Chroococcoid cyanobacteria have been shown to support the 
growth of microflagellates under laboratory conditions (Caron, unpubl.). 
Rotifers (e.g. Keratella cochlieris) were also observed with ingested 
cyanobacteria in this study, indicating that these zooplankton may also be 
able to use these prokaryotes as food. On the other hand, intact 
cyanobacteria were found in copepod fecal pellets, confirming the observation 
that they may be resistant to digestion by these zooplankton (18,19). More 
work is needed to determine the extent of zooplankton grazing on chroococcoid 
cyanobacteria. Certainly, if they are as abundant in other lakes as they are 
in Lake Ontario, these prokaryotes play an important role in the food webs of 
freshwater plankton communities. 
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Table 1. Population density (±l standard deviation), biomass and percent of the population observed 
in size-fractionated samples for microorganisms less than 20 ~m in size. The samples were collected from 
5 m at Station 403 (located centrally in Lake Ontario) on 28 April 1982 and 24 August 1982. Numbers in 
brackets are the percent of the total biomass. 
CHROOCOCCOID PHOTOTROPHIC HETEROTROPHIC 
DATE PARAMETER r,YANOBACTERIA BACTERIA NANOPLANKTON NANOPLANKTON 
4.95xlO l 6 2.66xl03 2 Densi ty 1. 37xlO 9.4lxlO 
(No. ml-l) +8.58 +0.35 +0.10 +0.45 
28 April 1982 
Biomass 0.03 98 60 21 
(~g wet wgt mt- l ) (0.02 ) (54.7) (33.5) (11. 7l 
I 
N 
5 6 4.l6xl03 3 
+0-
Density 4.25xlO 4.67xlO 1. 24xlO 00 I (No. ml -1) +0.56 +0.82 +0.39 -'-0.24 
Biomass 223 352 94 28 
(~g wet wgt 1-1) (32.0) (50.5) (13.5) (4.0) 
24 August 1982 
'70 in the >5 ~m 15.4 0 0 N/D 
Size Fraction 
% in the 1.0-5.0 54.3 0 99.1 N/D 
flm Size Fraction 
% in the <1.0 ~m 30.3 100 0.9 N/D 
Size Fraction 
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Figure 1. A.) Photomicrograph of the autofluorescence of chroococcoid 
cyanobacteria in Lake Ontario on 24 August 1982. Scale bar = 1.0 fm. B.) 
Vertical profiles of chroococcoid cyanobacterial density in central Lake 
Ontario on 28 April 1982 and 24 August 1982. C.) Temperature profiles at the 
time of sampling in (B). D.) Seasonal distribution of chroococcoid 
cyanobacteria and temperature at 5 m in central Lake Ontario during 1982. The 
drop in water temperature in late August is presumably a result of advective 
forces. E.) Correlation of cyanobacterial density with temperature in 
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EPIFLUORESCENCE COUNTS OF HPICO, PPICO, HNANO AND PNANO 
IN WATER SAMPLES FROM THE NORTH ATLANTIC 
AND LAKE ONTARIO 
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Epifluorescence counts of Hpico, Ppico, Pnano, Hnano in water samples from 
the five cruises in the North Atlantic and three cruises in Lake Ontario. 
Counting procedures are given in Appendix I. All densities are expressed as 
-1 the number of organisms ml • Counting errors (given below the density 
estimate) are +1 standard deviation. 
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Table AVI.1. Data from the R/V Columbus Iselin (Cruise CI83-01). 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No. /m1) (No. /m1) (No. /m1) (No. /m1) 
2/22/83 290 03'N 1 4.50xl05 2.47x104 9.31x102 8. 68xl02 
760 04'W +0.41 +0.29 +0.31 .±O.19 
10 4.95x105 2. 37x104 8.57x102 8.09x102 
+0.34 +0.25 +0.60 +0.79 
30 4.27xl05 1. 94x104 8. 13x102 9.09x102 
+0.49 +0.31 +0.88 +0.52 
50 3. 83x105 2. 99x104 8.80x102 3.97x102 
+0.22 +0.41 +0.25 .~ _.±O.49 
80 4.23x105 1.2Ox104 9.06x102 4.53x102 
+0.27 +0.18 +0.44 +0.49 
100 2.77x105 1. 00xl04 4.87x102 2.37x102 
+0.36 +0.14 +0.71 +0.27 
500 4. 72xl04 4.90 1. 65x101 4.81x10 2 
+0.90 +1.51 +0.35 
3/7 /83 330 10'N 1 7.68x105 5. 47x104 8. 39x102 2.71x102 
760 40'W +0.64 +0.64 +0.49 +0.25 
10 6. 38x105 5. 35x104 1. 68x103 5.34x102 
+0.43 +0.67 +0.15 +0.64 
30 8.48x105 4.04x104 4.97x102 3.08x102 
.±O.49 +0.26 +0.66 +0.37 
50 8.90x105 2.96x104 7. 61x102 3.38x102 
+0.92 +0.19 +0.49 :to. 31 
80 5.06xl05 5.59x103 5.27x102 4. 12x102 
+0.67 +0.62 +0.31 +0.33 
100 5.20xl05 1. 33xl03 1.41xl02 1. 96x102 
+0.51 +0.23 +0.23 +0.17 
500 4. 58xl04 4.09xl01 5.93 8.60xl01 
+0.52 +2.18 +8.37 +2.40 
-254-
Table AVI,2. Data from the R/v Oceanus (Cruise 115). 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No./m1) (No./ml) (No .Im1) (No./m1) 
2/20/82 290 59'N 1 9.47x105 2.89x104 6. 61x102 5.97x102 
760 01'W +1.11 +0.44 +0.55 +0.79 
10 8.15x105 3. 52x104 6.01x102 6. 21x102 
+0.85 +0.53 +0.30 +0.65 
20 8. 55x105 3.16x104 6.09x102 5. 66x102 
+0.79 +0.28 +0.38 +0.48 
40 8.48x105 3. 77x104 5. 46x102 4. 83x102 
+0.84 +0.46 +0.24 +0.18 
100 5.05x105 1. 57x103 4. 31x102 4. 31x102 
+0.48 +0.15 +0.60 +0.77 
500 1. 47x105 7.95 1.96 7. 71x101 
+0.26 +13.64 +3.44 +1.03 
2/27/82 300 59'N 1 1. 75x106 2.89x104 1. 83x103 1. 79x103 
800 38'W +0.15 +0.54 +0.27 +0.05 
10 2.00x106 2. 51x104 1. 92x103 1. 85x103 
+0.22 +0.23 +0.14 +0.09 
20 1. 91x106 1. 87x104 2.10x103 1. 95x103 
+0.26 +0.27 +0.06 +0.15 
2/29/82 300 56'N 1 1. 33x106 1. 42x104 1. 38x103 9.80x102 
790 40'W +0.13 +0.22 +0.10 +1.03 
10 1. 26x106 1. 37x104 1. 49x103 9.00x102 
+0.63 ±0.16 +0.14 +0.75 
20 1. 49x106 1. 44x104 1.47x103 9. 11x102 
+0.20 +0.15 +0.06 +1.12 
50 1. 42x106 1. 78x104 2.04x103 1. 15x103 
+0.10 +0.24 +0.07 +0.18 
500 6. 19x104 4.45xlOl 2 5.74x101 
+0.32 +2.97 +2.74 
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Table AVI.3. Data from R/V Knorr (Cruise KN94). 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No. /m1) (No. /m1) (No. /m1) (No. /m1) 
5/19/82 390 45'N 1 1.50x106 1.00x105 3. 15x103 3.08x103 
nooo'W +0.49 +0.19 +0.08 +0.26 
10 1. 59x106 9. 61x104 2. 94x103 3. 21x103 
+0.25 +0.90 +0.26 +0.17 
30 7. 99x105 3.92x104 2. 12x103 1. 55x103 
+1.23 +0.44 +0.21 +0.09 
60 3. 84x105 4.08x103 1. 30x103 1. 44x103 
+0.52 +0.49 +0.06 +0.06 
100 2.67x105 4. 51x102 3.66x102 8. 91x102 
+0.38 +0.21 +0.75 +0.13 
200 1. 86x105 4.39x102 3.24x102 5.46x102 
+0.39 +0.24 +0.65 +0.52 
300 1. 38x105 2. 69x102 2.25x102 5.62x102 
+0.68 .:!:;<l.18 +0.93 +0.48 
5/23/82 330 59'N 1 2.66x105 1. 46x104 6. 63x102 1. 12x103 
730 U'W +0.74 +0.15 +1.U +0.16 
10 2.92x105 1. 28x104 4.40x102 1.Ux103 
+0.71 +0.12 +0.70 +0.17 
30 2. 63x105 1. 47x104 4. 16x102 9.99x102 
+0.67 +0.15 +1.04 +0.34 
50 3. 47x105 3.10x104 3.22x102 7. 97x102 
+0.49 +0.25 +0.48 +1.52 
75 3.38x105 3. 89x104 4.95x102 4. 75x102 
+0.56 +0.58 +0.84 +1.03 
100 1. 88x105 7. 75x103 2. 81x102 1. 15x102 
+0.26 +1.73 +0.25 +0.45 
200 1. 42x105 2.48x101 3. 96x102 1.27x102 
+0.25 +3.09 +6.82 +0.28 
500 4.26x104 1. 96 2 9.30x101 
+2.08 +3.44 +2.98 
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Table AVI.3 (Continued). 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No./m1) (No./m1) (No./m1) (No./m1) 
5/28/82 330 38'N 1 4. 99x105 2.97x101 4.45x101 5.84x102 
760 14'W +1.07 +2.97 +3.00 +0.56 
8 1. 74x105 4.30x102 1. 24x102 6.73x102 
+0.43 +1.12 +0.17 +0.60 
25 2.38x105 2.68x102 1.09x102 9.85x102 
+0.72 +0.97 +0.17 +1.24 
45 3.90xl05 1. 26x103 8.91x101 1. 65x103 
+1.27 +0.15 +2.97 +0.07 
100 5.23x104 1. 29x102 1. 48x102 2. 52x102 
.±4. 61 +0.84 +0.51 +0.97 
500 3.39x104 3. 17x101 5.96 1. 33x102 
+2.49 +1.50 +5.96 +0.36 
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Table AVI.4. Data from the R/V Oceanus (Cruise 136). 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No. /m1) (No. /m1) (No. /m1) (No. /m1) 
8/12/83 41022'N 1 1. 83x106 8.78x104 1. 33x103 1. 14x103 
69017'W +0.13 +0.83 +0.15 +0.07 
10 1. 85x106 8.76x104 2.00x103 1. 71x103 
+0.09 +0.08 +0.27 +0.12 
40 5.93x105 5. 68x103 5.42x102 7.64x102 
+0.39 +0.39 +0.78 +1.86 
75 4.99x105 1. 47x103 1. 42x102 9.43x102 
+0.56 :!:0.18 +0.50 +1.42 
8/12/83 41000'N 1 2. 18x106 2.34x104 1.80x103 1. 44x103 
67030'W +0.18 +0.44 +0.14 +0.08 
10 2. 21x106 2. 63x104 3.00x103 1. 58x103 
+0.25 +0.29 +0.34 +0.18 
30 2. 15x106 2.98x104 2.48x103 2.62x103 
+0.14 +0.68 +0.25 +0.14 
8/18/84 40030'N 1 1.lOx106 1. 20x104 6. 68x102 5. 93x102 
61030'W +0.12 +1.11 +0.92 +1.00 
20 9. 21x105 1. 11x104 6. 68x102 7.05x102 
+0.52 +0.11 +1.10 +0.89 
50 6.85x105 6.27x103 9.06x102 7.35x102 
+0.72 +0.60 +1.85 +0.85 
100 2.72x105 6. 32x102 1. 42x102 2. 94x102 
+0.21 +2.24 +0.65 +0.78 
200 1.05x105 1. 17x102 5.93 8.01x101 
+0.11 +0.28 +11.87 +3.92 
500 1. 19x105 2.25 2.97 4. 75x101 
+0.12 +4.39 +0.97 
8/20/83 40°08' 1 5.71x105 8.41x103 4.33x102 4. 64x102 
56°51' +0.49 +0.45 +1.10 +0.74 
20 6.65x105 5. 61x103 9.96x102 4. 64x102 
+0.18 +0.59 +0.65 +0.96 
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Table AVI.4 (Continued). 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No. /m1) (No. /m1) (No. /m1) (No. /m1) 
2/20/83 400 08'N 50 6. 81x105 6. 89x103 1. llx103 8. 54x102 
(Cont.) 560 51'W +{l.53 +0.70 +{l.08 +1.04 
100 7.32x105 4.76x103 8. 31x102 5.6Ox102 
+0.92 +0.53 +1.10 +0.75 
400 1. llx105 9. 89x101 1. 19x101 9. 64x101 
+0.08 +7.18 +{l.97 +2.88 
8/23/84 44°39'N 1 8.41x105 4.46x104 7.92x102 5. 44x102 
53°44 'w +0.42 +{l.37 +1.12 +1. 28 
10 6. 58x105 4.1Ox104 5. 69x102 4.58x102 
+{l.54 +0.27 +0.64 +0.59 
40 2.36x106 3. 21x104 4. 25x103 2.89x103 
+0.18 +0.21 +{l.39 +0.24 
70 7. 19x105 4.32x102 2.40x102 3. 98x102 
+0.66 +0.63 +0.19 +0.26 
-259-
Table AVI.5. Data from the R/V Atlantis II (Cruise 109: 3). 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No. /m1) (No. /m1) (No. /m1) (No. /m1) 
8/14/81 250 49'N 1 2.00x105 1. 88x103 7.00x102 2.87xl02 
190 54'w +0.09 +0.44 +0.37 
31 2.43x105 1. 15x103 2. 21xl02 1.40x102 
+0.27 +0.42 +0.27 
66 2. 62xl05 6.02xl02 7. 35x102 2.52x102 
+0.43 +0.66 +0.96 
8/16/81 240 30'N 1 2.70xl05 1. 26x101 1. 05x102 1. 52x103 
270 30'W +1.45 +0.73 +0.78 
35 3.43x105 7.56 3.04x102 1. 66x103 
.:!:6.93 +0.64 +0.21 
65 3. 52x105 7. 81xl02 3.15x102 1. 61x103 
::2.73 +0.16 +0.14 
100 2.1Ox105 2. 76x103 7. 93x102 6.72x102 
+0.13 +0.87 +0.36 
8/19/81 24°30'N 1 3. 91x105 2 1. 46x102 8. 93x102 
350 21'W +0.64 +0.55 
35 3.77x105 1. 47x101 3.15x102 8.45x102 
+1.45 +0.31 +1.32 
65 4.02x105 2. 31xl02 2.21xl02 1. 15x103 
+0.89 +0.57 +0.13 
100 4.17x105 1. 55x103 5. 93x102 7. 67x102 
+0.38 +0.87 +1.59 
8/22/81 24°30 'N 1 4.15x105 2 1. 52x102 1. 03x103 
410 53'w +0.55 +0.16 
35 3. 95x105 2.08 2. 31xl02 7.82x102 
::3.65 +0.31 +1.59 
65 4.49x105 3.15x102 2.89x102 7. 87x102 
+2.08 +1.20 +0.98 
100 2. 78x105 1. 70xl03 6. 46x102 7. 51x102 
+0.24 +1.40 +2.11 
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Table AVI.5 (Continued). 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No. /m1) (No. /m1) (No. /m1) (No. /m1) 
8/24/81 240 30'N 1 2. 93x105 2 1.02x102 9. 94x102 
48°20'W +0.08 +0.48 
35 3.52x105 4.01x101 1. 36x102 1. 80x103 
+9.20 +0.24 +0.23 
65 3.90x105 1. 41x103 3. 57x102 1. 96x103 
+0.74 +0.60 +0.19 
100 3.89x105 2. 36x103 5.04x102 1. 33x103 
+0.51 +1.29 +0.12 
8/26/81 24°31'N 1 3.11x105 1. 65x101 1. 73x102 1. 34x103 
550 07'W +6.47 +0.72 +0.20 
35 2.88x105 3.07x102 2.63x102 1. 38x103 
+3.51 +0.33 +0.09 
65 3. 73x105 1. 63x102 2. 73x102 1. 88x103 
+1.86 +0.79 +0.26 
100 3. 26x105 1. 63x103 6. 77x102 1. 18x103 
+0.51 +1.10 +0.16 
8/29/81 24°30'N 1 3.07x105 1. 42x102 1. 94x102 1. 19x103 
620 02'W +1.65 +0.40 +0.14 
35 3.20x105 1. 34x103 2.57x102 1. 17x103 
+1.03 +0.36 +0.10 
65 4. 94x105 1. 29x103 3.67x102 1.08x103 
+0.36 +0.78 +0.21 
100 3.82x105 2. 81x103 8. 35x102 9.56x102 
+0.71 +2.06 +1.22 
8/31/81 24°27'N 1 3.08x105 1. 18x101 3.36x102 9.87x102 
680 33'W +4.72 +0.36 +0.84 
35 3. 26x105 2 4.31x102 1. 47x103 
+0.96 +0.07 
65 4. llx105 3.94 6.40x102 1. 60x103 
+7.87 +2.05 +0.07 
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Table AVI.5 (Continued). 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (Ii) (No./ml) (No./m1) (No./m1) (No./m1) 
8/31/81 240 27'N 100 3.40x105 1. 77x103 4.41x102 9.34x102 
(Cont.) 680 33'W +0.85 +1.44 +2.38 
9/3/81 240 31'N 1 5.02x105 2.52x102 4.20x102 1. 77x103 
750 01'W +0.63 +0.36 +0.05 
35 4.09x105 2 2. 84x102 1. 49x103 
+0.83 +0.14 
65 5. 74x105 1.10x103 1. 25x103 1. 35x103 
+0.18 +0.32 +0.11 
100 6.03x105 3.22x103 5.57x102 4.31x102 
+0.69 +0.96 +0.66 
9/5/81 260 04'N 1 6.43x105 3.46x101 2. 84x102 1. 51x103 
790 23'W +3.59 +0.54 +0.05 
35 4.55x105 2. 72x102 6.40x102 1. 63x103 
+2.08 +0.79 +0.07 
65 4.75x105 2.l9x104 6. 62x102 6. 83x102 
:!:0.14 +1.14 +0.48 
100 2.55x105 2.62x102 6. 93x102 3.36x102 
+0.45 +1.37 +1.27 
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Table AVI.6. Data from Lake Ontario on 4/28 and 4/29/82. 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No./m1) (No./ml) (No ./m1) (No ./m1) 
4/29/82 Sta. 401 1 1. 75x10 6 3.67x102 4.28x103 1. 89x103 
+0.23 +2.49 +0.11 +0.74 
5 1. 66x106 4. 25x102 4. 48x103 7. 62x102 
:!:0.61 +3.54 +0.43 +1.81 
15 2.42x106 2.97x101 4.35x103 9.70x102 
+0.40 +0.27 +2.56 
24 1. 64x106 5.44x102 4. 41x103 8. 91x102 
+0.33 +3.12 +0.59 +1.85 
32 2. 54x106 3.96x102 4. 75x103 8. 91x102 
+0.45 +1.13 +0.39 +0.79 
4/28/82 Sta. 403 1 1. 62x106 3. 46x102 2.56x103 7.6Zx102 
+0.21 +1. 74 +0.10 +0.69 
5 1. 37x106 4. 96x101 2. 66x103 9. 41x102 
+0.35 +8.58 +0.10 +0.45 
15 1. 57x106 2.97x101 3.1Ox103 8.61x10Z 
+0.36 +0.16 +0.89 
25 1. 67x106 1. 39x102 2. 81x103 1. 86x103 
+0.22 +1.91 +0.13 +0.43 
50 1. 58x106 2. 38x102 2. 63x103 1. 38x103 
+0.74 +2.38 +0.15 +0.03 
75 2. o Ox106 2. 97x101 2. 72x10 3 1. 89x103 
+0.39 +0.21 +0.56 
100 1.90x106 1. 98x102 2. 78x103 1. 12x103 
+0.Z5 +2.47 +0.33 +0.07 
125 1. 98x106 3.66x102 2. 86x103 5. 84x102 
+0.36 +3.26 +0.30 +1.49 
150 2.08x106 2. 87x102 3.08x103 6. 83x102 
+0.49 +1.64 +0.28 +0.51 
165 1. 97x106 4.45x102 2.88x103 6.23x102 
+0.47 +0.89 +0.18 +1.57 
173 1. 83x106 3. 96x102 2. 83x103 8.02x102 
+0.22 +1.98 +0.28 +1.19 
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Table AVI. 7. Data from Lake Ontario on 6/28 and 6/29/82. 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No ./m1) (No ./m1) (No ./m1) (No./mD 
6/28/82 Sta. 401 1 3.55x106 2. 15x104 3. o Ox103 4.36x103 
+0.61 +0.48 +0.24 +0.32 
5 3.76x106 1. 23x104 1. 70x103 4. 31x103 
+0.85 +0.26 +0.12 +0.33 
10 3.70x106 1.02x104 3.02x103 3.65x103 
+0.41 +0.05 +0.56 +0.33 
15 4.09x106 3.16x103 9.60x102 3.50x103 
+0.35 +0.77 +2.19 +0.47 
28 3. 52x106 3.05x103 9.8Ox102 2. 28x103 
+0.53 +0.20 +1.57 +0.43 
36 3.10x106 2. 68x103 1.l1x103 2.15x103 
+0.48 +0.51 +0.43 +0.25 
6/29/82 Sta. 403 1 2.01x106 4.45x102 4.4Ox103 4.63x103 
+0.32 +1.29 :!:1.41 +1.23 
5 1. 66x106 4. 65x102 5. 27x103 1. 78x103 
+0.17 +2.23 +0.30 +0.58 
10 1. 74x106 3.96x102 5.43x103 2. 64x103 
+0.20 +3.73 +0.98 +0.73 
15 2.40x106 5. 34x102 4.20x103 3.30x103 
+0.20 +3.37 +0.52 +0.82 
25 1. 97x106 7.32x102 3. 75x103 2. 77x103 
+0.15 +1.04 +0.29 +0.54 
50 1. 69x106 6. 53x102 3. 93x103 2. 48x103 
+0.16 +2.64 +0.28 +0.34 
75 1. 76x106 6. 83x102 3.55x103 1. 61x103 
+0.18 +2.37 +0.27 +0.16 
100 1. 66x106 4. 95x102 3.18x103 2.01x103 
+0.12 +2.27 +0.21 +0.56 
125 1. 94x106 2.04x102 2.94x103 2. 12x103 
+0.18 +1.39 +0.33 +0.58 
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Table AVI.7 (Continued). 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No./m1) (No./m1) (No./m1) (No./m1) 
6/29/82 Sta. 403 150 1. 76x106 3. 63x102 2.08x103 3. 58x103 
(Cont.) +0.16 +1.21 +0.08 +0.87 
165 1.81x106 4. 61x101 1. 58x103 3.60x103 
+0.18 +4.98 +0.29 +0.45 
173 1. 75x106 2.04x102 1.44x103 3.07x103 
+0.19 +0.89 +0.04 +0.14 
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Table III-8. Data from Lake Ontario on 8/23 and 8/24/82. 
DEPTH HPICO PPICO PNANO !!NANO 
DATE LOCATION (M) (No. /m1) (No. /m1) (No. /m!) (No. /m!) 
8/23/82 Sta. 401 1 6. 13x106 5.02x105 3. 54x103 8. 91x102 
+0.38 +0.98 +0.23 +2.23 
5 4.71xl06 6. 54x105 3.09x103 1. 54x103 
+0.47 +0.87 +0.53 +0.37 
10 2.85x106 1. 97x105 1. 95x103 9.40x102 
+0.28 +0.33 +0.46 +1.04 
15 1. 72x106 3. 65x104 1. 42x103 7. 82x102 
+0.31 +1.28 +0.27 +0.62 
27 1.46x106 3. 67x104 2.24x103 1. 23x103 
.:to. 21 +0.91 +0.13 +0.28 
35 1. 54x106 2. 75x104 2.30x103 1. 43x103 
+0.15 +1.64 +0.42 +0.13 
8/24/82 Sta. 403 1 5. 17x106 3. 52x105 3.29xl03 1. 58x103 
+0.29 +1.32 +0.23 +0.35 
5 4.67x106 4. 29x105 4. 16x103 1. 24x103 
+0.82 +0.56 +0.39 +0.24 
10 3.73x106 4. 59x105 5.86xl03 2. 18x103 
+1.39 +1.20 +0.39 +0.52 
15 3.98x106 4.76x105 4. 13x103 1. 09x103 
+0.33 +1.07 +0.37 +0.24 
25 1. 14x106 9. 14x104 4.03x103 2.55x103 
+0.14 +0.56 +0.43 +0.26 
50 9. 14xl05 1. 17x104 2.42x103 7.42x102 
+1.78 ±0.18 +0.26 +2.68 
75 9.51x105 2. 78xl03 3.57x103 4.25x102 
+1.95 +0.29 +0.17 +0.69 
100 7. 52xl05 7. 75x103 3. 94x103 4.65x102 
+2.23 +0.56 +0.14 +0.17 
125 9.50x105 2. 14x103 1. 41x103 3.36xl02 
+2.28 +0.08 +0.41 +1.34 
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Table AVI.8 (Continued). 
DEPTH HPICO PPICO PNANO HNANO 
DATE LOCATION (M) (No. /m1) (No. /m1) (No. /m1) (No. /m1) 
8/24/82 Sta. 403 150 1.05xl06 1. 16x103 3.76x103 3. 56x102 
(Cont. ) +0.18 +0.54 +0.29 +0.51 
166 8.37x105 3.15x103 4.47x103 1. 14xl03 
:t1. 96 +0.54 +0.15 +0.16 
174 1. 51x106 1.08x103 2.64x103 3.36x102 
+0.24 . :to. 51 +0.19 +1.33 
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THESIS SUMMARY 
A role for heterotrophic micro flagellates in plankton co~unities as a 
trophic link between bacteria and filter-feeding zooplankton has been 
confirmed by this study. The distribution study (Chapter 1) established that 
heterotrophic microflagellates are a ubiquitous and abundant component of 
-1 plankton communities with densities ranging from hundreds to thousands ml 
in surface waters. These protozoa constituted a significant fraction of the 
biomass of pico- and nanoplankton in the North Atlantic and in Lake Ontario 
throughout the year. 
Macroscopic detrital aggregates and other planktonic microenvironments in 
the North Atlantic were characterized by highly elevated concentrations of 
heterotrophic microflagellates (Chapter 2). Th~ growth characteristics of 
some cultured microflagellates (Chapter 4) suggest that they are capable of 
feeding on bacteria attached to particles in the plankton. In turn, the 
distribution of these surface-associated microflagellates may be closely 
linked to the distribution of particles in the pelagic environment and their 
attached bacteria. 
Species of micro flagellates were also cultured which were capable of 
feeding on relatively low concentrations of unattached, free-living bacteria. 
Batch and continuous culture of such species (Chapter 3) showed that some 
species are capable of reducing bacterial concentrations to densities normally 
observed in planktonic communities. If feeding thresholds exist for these 
protozoa, they are below the densities of bacteria normally observed in the 
plankton. This ability implies that bacterivorous microflagellates may be the 
major factor controlling the density of bacteria in the plankton. Conversion 
efficiencies of microflagellates were relatively high even when 
microflagellates were grown at relatively slow growth rates. Therefore, much 
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of the energy and organic carbon contained in bacterioplankton may be retained 
as microflagellate biomass and thereby made available to filter-feeding 
zooplankton. 
Survival and selective feeding experiments with the copepod Acartia tonsa 
confirmed the potential for the utilization of micro flagellate biomass by 
filter-feeding zooplankton. Microflagellates were consumed at rates 
comparable to rates for similarly-sized phytoplankton and resulted in copepod 
survival rates equivalent to survival rates of copepods fed phytoplankton. A 
pathway was therefore established by which energy contained in the detrital 
food chain could be returned to the classical phytoplankton-copepod-fish food 
chain. 
